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1062 Roundup of the week’s 
news 


IN DEPTH 


1066 LOST AND FOUND: 
EARTH’S MISSING HEAT 

A reanalysis of surface 
temperatures suggests there 
never was a global warming 
hiatus By C. Gramling 

> REPORT BY T. R. KARL. ETAL. 
10.1126/science.aaa5632 


1067 RUSSIAN FOUNDATION 
TARRED WITH ‘FOREIGN’ LABEL 
Founder may pull plug on 
private research funder 

By V. Pokrousky 


1068 DID GOOD GENES HELP 
PEOPLE OUTLAST BRUTAL 
LENINGRAD SIEGE? 

Study hints at more efficient 
metabolism in survivors 

By Y. Smirnova and A. Davydova 


1069 HAWAII’S GOVERNOR 
PROPOSES TELESCOPE SWAP 
Thirty Meter Telescope can 
move forward, but existing 
instruments must be culled 
By A. Cho and I. Loomis 


1070 POLAR SCIENTISTS TO PEER 
BENEATH LARGEST ICE SHELF 


Seafloor map would offer clues to the 


fate of Antarctica’s Ross Ice Shelf 
By E. Hand 


FEATURES 


1072 MAKING CONTACT 

Some of the last isolated tribes are 
emerging from Peru’s rainforests 
By A. Lawler 


: 1075 The poisoned necklace 
: By A. Lawler 

1078 Mercy on these people, 
: and give us a road 
i By A. Lawler 
> EDITORIAL P. 1061; 
VIDEO; MULTIMEDIA 
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1080 IN PERIL 

As contacts spike, critics fear that 
Brazil’s once-vaunted protection of 
isolated tribes is crumbling 

By H. Pringle 


1084 How to court an isolated tribe 
By H. Pringle 
> EDITORIAL P.1061 


INSIGHTS 


PERSPECTIVES 

1086 INVISIBLE BARRIERS TO DISPERSAL 
Physiological properties constrain future 
range expansions of marine organisms 
By J. Kleypas 

> REPORTS PP. 1132 & 1135 
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1093 & 1160 


Disorganized heterochromatin 
underlies premature aging 


1087 SLIPPERY WHEN DRY 
Stiff nanodiamond particles 
encapsulated in graphene can 
substantially reduce friction 
for water-free macroscopic 
surfaces By J. Hone and 

R. W. Carpick 

> REPORT P.1118 


1089 CONTROLLING FRICTION 
ATOM BY ATOM 

A cold-atom system is used to 
probe atomic friction on the 
scale of single atoms 

By E. Meyer 

> REPORT P.1115 


1090 THE RISE OF THE SOCIAL 
ALGORITHM 

Does content curation 

by Facebook introduce 
ideological bias? By D. Lazer 
> REPORT P.1130 


1091 CENTRIOLES, IN ABSENTIA 
What is the link between 
centrioles and cell 
proliferation? By T. Stearns 

> REPORT P.1155 


1093 PROGERIA ACCELERATES 
ADULT STEM CELL AGING 
Diseases resembling premature 
aging model naturally aging 
mesenchymal stem cells 

By R. Brunauer and B. K. Kennedy 
> REPORT P.1160 


1094 EXCEPTIONAL EPIGENETICS 

IN THE BRAIN 

Non-CG DNA methylation modulates 
gene expression in the adult brain 
By C. Luo and J. R. Ecker 


1096 CHALLENGES OF A LOWERED 
U.S. OZONE STANDARD 

Source attribution science 

can help areas of the U.S. West 
By O. R. Cooper et al. 


BOOKS ET AL. 
1098 THE STRANGE CASE OF THE 


RICKETY COSSACK 
By I. Tattersall, reviwed by E. L. Milam 


SCIENCE: Stal a:cescccescinasacvecstenavcteaptenectates 
New Products..... 
Science Careers 
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1099 MISBEHAVING 
By R. H. Thaler, reviewed by A. J. Oswald 


LETTERS 


1100 EDITOR’S NOTE 
By M. McNutt 


1100 EDITORIAL RETRACTION 
By M. McNutt 


1100 EDITORIAL EXPRESSION OF 
CONCERN 
By M. McNutt 


1100 ANTIBIOTICS CRISIS IN CHINA 
By R. Hao et al. 


1101 TECHNICAL COMMENT ABSTRACTS 


DEPARTMENTS 


1061 EDITORIAL 

Protecting isolated tribes 

By Robert S. Walker and Kim R. Hill 
> NEWS STORIES PP. 1072 & 1080 


1170 WORKING LIFE 
From physics to revolution and back 
By Lui Lam 


RESEARCH 


IN BRIEF 


1102 From Science and other journals 


RESEARCH ARTICLES 
1105 VIRAL IMMUNOLOGY 


Comprehensive serological profiling 

of human populations using a synthetic 
human virome G. J. Xu et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aaa0698 


1106 ANTIBIOTICS 

Targeting DnaN for tuberculosis 
therapy using novel griselimycins 
A. Kling et al. 


Physiological challenges of 
warming seas 


REPORTS 
1112 MULTIFERROICS 


Magnetoelectric domain control in 
multiferroic TbMnO, M. Matsubara et al. 


1115 FRICTION 

Tuning friction atom-by-atom in an ion- 
crystal simulator A. Bylinskii et al. 

> PERSPECTIVE P. 1089; PODCAST 


1118 FRICTION 

Macroscale superlubricity enabled 
by graphene nanoscroll formation 
D. Berman et al. 

> PERSPECTIVE P. 1087 


1122 ORGANIC THIN FILMS 

Rational synthesis of organic thin films 
with exceptional long-range structural 
integrity N. Seiki et al. 


1127 NITROGEN CYCLING 
Rapid nitrous oxide cycling in the 
suboxic ocean A. R. Babbin et al. 


1130 POLITICAL SCIENCE 

Exposure to ideologically diverse news 
and opinion on Facebook E. Bakshy et al. 
> PERSPECTIVE P.1090 


1132 ECOPHYSIOLOGY 

Climate change tightens a metabolic 
constraint on marine habitats 

C. Deutsch et al. 

> PERSPECTIVE P. 1086; REPORT P. 1135 


1135 CORAL REEFS 

Limited scope for latitudinal extension 
of reef corals P. R. Muir et al. 

> PERSPECTIVE P. 1086; REPORT P. 1132 


Centrioles and 
cell proliferation 


1139 SOCIAL EVOLUTION 

Genomic signatures of evolutionary 
transitions from solitary to group living 
K. M. Kapheim et al. 


1143 HUMAN OOCYTES 

Error-prone chromosome-mediated 
spindle assembly favors chromosome 
segregation defects in human oocytes 
Z. Holubcové et al. 


1147 ELECTRON MICROSCOPY 

2.2 A resolution cryo-EM structure 
of B-galactosidase in complex with 
a cell-permeant inhibitor 

A. Bartesaghi et al. 


1151 NEURODEGENERATION 

C9ORF72 repeat expansions in 
mice cause TDP-43 pathology, 
neuronal loss, and behavioral deficits 
J. Chew et al. 


1155 CELL BIOLOGY 

Reversible centriole depletion with 
an inhibitor of Polo-like kinase 4 

Y. L. Wong et al. 

> PERSPECTIVE P. 1091 


1160 AGING STEM CELLS 

A Werner syndrome stem cell 
model unveils heterochromatin 
alterations as a driver of human aging 
W. Zhang et al. 

> PERSPECTIVE P. 1093 


ON THE COVER 


The Awa people of 

the Brazilian Amazon. 
Some of the Awa have 
recently contacted the 
outside world, and such 
contacts with isolated 
tribes are on the rise. 
Anthropologists say that 
these emerging tribes 
are threatened by common Western diseases 
and exploitative outsiders and may face a 
dangerous future without protection. See 
pages 1061, 1072, and 1080. Photo: Domenico 
Pugliese/Survival International 
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EDITORIAL 


Protecting isolated tribes 


here are about 50 isolated indigenous societies 
across lowland South America, with limited to no 
contact with the outside world. Despite displace- 
ments, epidemics, and hostile interactions with 
outsiders, such tribes still manage to survive. 
How can we ensure the well-being of humanity’s 
last known isolated peoples under such enor- 
mous and mounting pressure from external threats? 

Generally, the current policy of governments, primarily 
those of Brazil and Peru, and supported by the United Na- 
tions, is a “leave them alone” 
strategy. There are two im- 
plicit assumptions in a no- 
contact approach, however: 
that isolated populations are 
viable in the long term, and 
that they would choose isola- 
tion if they had full informa- 
tion (ie., if they were aware 
that contact would not lead 
to massacre and enslave- 
ment). The first assumption 
is unlikely. Ethnohistorical 
accounts reveal the real risk 
of severe depopulation or 
extinction during intermit- 
tent hostile and _ sporadic 
interaction with the outside 
world. Miners, loggers, and 
hunters penetrate into the 
homelands of isolated tribes 
despite government “protec- 
tion.” Unless protection efforts against external threats 
and accidental encounters are drastically increased, the 
chances that these tribes will survive are slim. Disease 
epidemics, compounded by demographic variability and 
inbreeding effects, makes the disappearance of small, iso- 
lated groups very probable in the near future. The sec- 
ond assumption is also unlikely. Interviews indicate that 
contacted groups had mainly chosen isolation out of fear 
of being killed or enslaved, but they also wanted outside 
goods and innovations and positive social interactions 
with neighbors. 

Controlled contact with isolated peoples is a better op- 
tion than a no-contact policy. This means that govern- 
ments should initiate contact only after conceiving a 
well-organized plan. In the past, there have been many 
poorly planned contacts with isolated Amazonian tribes 
by both missionaries and government agencies. The ab- 
sence of health care professionals and health monitoring 
led to many deaths of these vulnerable peoples. One of 
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“Controlled contact with isolated 
peoples is a better option than a 
no-contact policy.” 


us (K.R.H.) was on site within weeks of the first peaceful 
contacts with Aché, Yora, Mascho-Piro, and Matsiguenga 
communities in Paraguay and Peru when they were ex- 
tremely isolated and suffering from new contact-related 
epidemics (from the late 1970s to mid-1980s), even though 
intermittent contact (mostly accidental) had occurred for 
25 years. The most important lesson learned from these 
experiences is that mortality can be reduced to near zero 
if the contact team is prepared to provide sustained, 
around-the-clock medical treatment, as well as food. A 
well-designed contact can be 
quite safe, compared to the 
disastrous outcomes from 
accidental contacts. But safe 
contact requires a qualified 
team of cultural translators 
and health care profession- 
als that is committed to stay- 
ing on site for more than a 
year. For example, foreign 
missionaries provided great 
care for the Yora for up to 
6 months, but when they 
decided to take a furlough, 
dozens of Yora died within a 
few weeks. Similarly, in 1975, 
missionaries provided care 
to an Aché community for 
a year, but when they took 
a vacation, many Aché died. 
Fortunately, there have been 
some success stories such as 
a 1978 contact with a band of Northern Aché. Mission- 
aries and anthropologists treated them with antibiotics 
when primary respiratory infections progressed to pneu- 
monia. They also provided food to the sick. 

Given that isolated populations are not viable in the 
long term, well-organized contacts are today both hu- 
mane and ethical. We know that soon after peaceful 
contact with the outside world, surviving indigenous 
populations rebound quickly from population crashes, 
swith growth rates over 3% per year. Once a sustained 
peaceful contact occurs, it becomes much easier to pro- 
tect native rights than it otherwise would be for isolated 
populations. Leaving groups isolated, yet still exposed to 
dangerous and uncontrolled interactions with the out- 
side world, is a violation of governmental responsibility. 
By refusing authorized, well-planned contacts, govern- 
ments are simply guaranteeing that accidental and di- 
sastrous contacts will take place instead. 

-Robert S. Walker and Kim R. Hill 
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Mystery malady kills saiga antelopes 
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Burial pit for saiga 
antelopes that have died 
in central, Kazakhstan. 


mysterious illness is sweeping through the critically endan- 
gered saiga antelopes of Central Asia. Since 10 May, some 
120,000—about half of the world’s saiga (Saiga tatarica) 
population—have died of the unidentified ailment, which 
causes severe diarrhea and respiratory problems. Saiga (pic- 
tured above) are known for these strange die-offs, particu- 
larly during calving season when herds of females give birth within 
1 week, creating perfect conditions for disease to spread because of 
their close proximity. But the current crisis is more alarming—and 
puzzling—as entire herds of mothers and calves are falling ill at the 
same time, even when hundreds of kilometers apart. Using tissue 
samples collected from the Betpak-Dala region of Kazakhstan, where 
the die-off is centered, scientists at the Royal Veterinary College in 
Hatfield, U.K., have narrowed the possible diseases to two types of 
bacterial infections or to a viral ailment transmitted by mosquitoes. 
They hope lab tests will provide a definitive diagnosis. 
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&& It's going to end brain research in this 
country. It will be disastrous. 99 


David Nutt, a former chief drug adviser to the U.K. government, 
complaining that a new bill to ban the sale of all psychoactive substances 
inthe country will stifle scientists’ access to compounds. 


AROUND THE WORLD 


Asia battles MERS outbreak 


SEOUL | Authorities in South Korea 

and China are scrambling to contain 

an outbreak of the deadly Middle East 
respiratory syndrome (MERS), a viral 
disease discovered in 2012 that has sick- 
ened at least 1000 people and killed more 
than 500, most of them in the Arabian 
Peninsula. The Asian cluster of cases, 
already the largest ever outside the Middle 
East, started when a South Korean busi- 
ness traveler returned to Seoul from the 
Middle East in early May. He fell ill a 
week later and was diagnosed with MERS 
on 20 May after being treated at three dif- 
ferent clinics. As Science went to press, 

24 others had been diagnosed with MERS 
as well, and two had died. Korea has 
already quarantined 700 people, but one 
contact broke his quarantine and, after 

a 26 May stop in Hong Kong, traveled to 
China’s Guangdong province, where he 
was diagnosed with MERS. So far, no fur- 
ther cases have been reported from China 
or Hong Kong. http://scim.ag/MERSkorea 


ERC shielded from cuts 


BRUSSELS | The European Commission 
will cut €2.2 billion from its research 
program Horizon 2020 to fodder a con- 
troversial new investment fund aimed at 
boosting Europe’s sluggish economy. But 
the European Research Council (ERC), 

a popular basic science fund that’s part 
of Horizon 2020, will escape the budget 
knife thanks to intense pressure from 
E.U. parliamentarians and scientists. In 
January, the commission had proposed 
trimming €2.7 billion from Horizon 2020’s 
budget—which totals €74 billion through 
2020—including €221.2 million from 
ERC’s envelope. After a series of talks, the 
commission announced on 28 May that it 
would find €500 million elsewhere. Also 
safe from cuts are the Marie Sktodowska- 
Curie actions, which provide funding 

for Ph.D. and postdoc fellowships, and a 
program called Spreading Excellence and 
Widening Participation, which aims at 
helping member states with poor research 
performance. http://scim.ag/ERCcut 
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‘Hellboy’ dino was a close relative of Triceratops 


hey call him “Hellboy,” and it’s easy to see why. In addition 

to the sharp horns on his nose and over his eyes, which 

were probably used for defense against predators like 

Tyrannosaurus rex, the newly dubbed Regaliceratops peter- 

hewsi dinosaur had a particularly ornate frill behind its head, 
most likely for sexual display. Although he is definitely a cousin of the 
famed Triceratops, Hellboy’s horns and frill more closely resemble 
those of another group of horned dinos that includes Centrosaurus. 


Treat HIV immediately 


WASHINGTON, D.c. | Last week, a study 
of 4685 HIV-infected people across 

35 countries was halted early, because 
results showed that immediate treatment 
with antiviral drugs cut the risk of disease 
and death in half; the study’s placebo arm 
will now be offered the drugs. The find- 
ing brings to a close a divisive issue. The 
United States and many other countries 
already recommended treating everyone 
diagnosed with an HIV infection, but 
guidelines in the United Kingdom and 
elsewhere called for starting treatment 
only after immune system damage occurs, 
in part because of worries about long- 
term toxicities of the drugs. The Strategic 
Timing of Antiretroviral Treatment trial, 
which began in April 2009 and was sup- 
posed to run through 2016, was the first 
randomized, controlled clinical trial to 
evaluate the benefits of early treatment. 
Its data also validate the push to use 


SCIENCE sciencemag.org 


treatment as a prevention tool, as HIV- 
infected people on antiretrovirals are far 
less likely to transmit the virus to others. 


Chimp care in Liberia assailed 
MONROVIA | A dispute over who should 
fund the care and feeding of 66 chim- 
panzees living on island sanctuaries in 


Chimps at the Liberian rehabilitation center for apes. 
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Those dinos were already extinct by the time the new dino roamed 
what is now Alberta province in Canada, 68 million years ago, the 
researchers report online this week in Current Biology. That means 
his ornamentation is a case of independent evolutionary invention, 
the authors say. The paper includes another example of what might 
be called sexual display: At its very end, the lead author asks a fellow 
researcher at the museum to marry him. (After seeing a preprint, 
she said yes.) http://scim.ag/dinohellboy 


Liberia has sparked a campaign for the 
animals. Researchers with the New York 
Blood Center (NYBC) in New York City had 
tested hepatitis vaccines in the chimps 
before moving them in 2006 to mangrove 
islands, where they roam freely. NYBC was 
contributing to the estimated $30,000 

per month required for the chimps’ care. 
But the center recently cut off funding 

and is in arbitration with 
the Liberian government 
over sharing the financial 
burden for the animals’ 
well-being. Concerned that 
the sanctuaries are not 
supplying the chimps with 
food and water, Brian Hare, 
a great ape researcher 

at Duke University in 
Durham, North Carolina, 
has launched a petition 
(http://bit.ly/chimppetition) 
urging NYBC to restore 
funding. 
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Great Barrier Reef still a World Heritage Site—for now 


ustralia’s Great Barrier Reef (GBR) has narrowly avoided earning an embarrass- 
ing “in danger” listing by the United Nations Organization for Education, Science 


and Culture’s World Heritage Committee. In a draft decision announced on 

29 May, the World Heritage Committee working group noted “with concern” that 

the overall outlook for the reef is “poor,” and that climate change, poor water 
quality, and coastal development are major threats to its health. The decision—which 
will be approved or amended by the full committee later this month—allows the GBR 
(shown) to keep its current World Heritage Area status, but requires Australia to 
report on progress to safeguard the reef from further decline by 1 December 2016. If 
“anticipated progress” is not demonstrated by that time, an “in danger” listing will be 
reconsidered in 2017. Australia will also have to report in 2020 on whether the nation’s 
Reef 2050 Long-Term Sustainability Plan is meeting its targets. http://scim.ag/GBRWHC 


IS group to spare Palmyra 


PALMYRA, SYRIA | An Islamic State mili- 
tary commander said last week that the 
archaeological sites at the central Syrian 
city of Palmyra will not be destroyed. 
Palmyra is one of six World Heritage Sites 
in Syria, and archaeologists feared that the 
city’s beautifully preserved ruins dating 
back to roughly 2000 years ago would be 
looted and torn down. The Islamic State 
group has bulldozed the ruins of another 
World Heritage Site—the city of Hatra 

in northern Iraq—and licensed the sale 
of archaeological artifacts. Although the 
group has said that Palmyra will not be 
targeted, it does plan to destroy religious 
buildings and artifacts such as statues, 
which it believes violate the Islamic law 
against idolatry. Satellite images confirm 
that Palmyra’s archaeological sites are 
intact for now. Many, but not all, of the 
city’s statues and artifacts were evacuated 
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by President Bashar al-Assad’s forces before 
the Islamic State group took the city. 


U.S. revises wetlands rule 


WASHINGTON, D.c. | Seasonal streams 
and small wetlands in the United States 
will get greater protection from develop- 
ment under a controversial federal rule 
issued on 27 May. The rule, written by 

the U.S. Army Corps of Engineers and 

the Environmental Protection Agency, is 
designed to clarify which water bodies are 
covered by the Clean Water Act. Builders 
and others will now be required to receive 
a permit before disturbing smaller water 
bodies that have a hydrological connection 
to a larger river or lake. Many conservation 
scientists welcomed the rule, which they 
say will help protect vulnerable ecosys- 
tems. Industry and farm groups, however, 
have vowed to block its implementation in 
court or through action by Congress. 
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BY THE NUMBERS 


Number of colleges that graduated 
half of all 918 MacArthur Foundation 
“genius” award winners, according 
to areport intended to highlight the 
diversity of recipients. Eleven percent 
of fellows attended either Harvard 
University or Princeton University. 


Number of robotics engineers that 
Uber Technologies Inc. has hired away 
from Carnegie Mellon University, to 
develop autonomous vehicles that can 
replace human drivers. 


Funds raised so far for the Big Bang 
Theory Scholarship Endowment 
by the cast and crew of the popular 
TV show to help support University of 
California, Los Angeles, students 
in STEM fields. 


NEWSMAKERS 
Explaining sleep to 11-year-olds 


“Danger! If you don’t sleep, you’ll die!” 
That’s the prizewinning message from 
materials scientist Brandon Aldinger in 
the latest version of the Flame Challenge— 
an annual competition to encourage 
scientists to share their research in 

clear and accessible terms. Some 20,000 
11-year-old judges from around the world 
decided Aldinger, who designs transpar- 
ent armor for soldiers at a small company 
in Saxonburg, Pennsylvania, should 
receive the $1000 prize for best written 
answer. Health physics master’s student 
Eric Galicia of the Illinois Institute of 
Technology won $1000 for the best video. 
The contest, created by actor and science 
communicator Alan Alda and sponsored in 
part by AAAS, which publishes Science, has 
previously challenged scientists to explain 
flame, time, and color. 


sciencemag.org SCIENCE 


PHOTO: © REDBRICKSTOCK.COM/ALAMY 


CLIMATE SCIENCE 


Lost and found: Earth’s missing heat 


A reanalysis of surface temperatures suggests there never was a global warming hiatus 


By Carolyn Gramling 


hat if the missing heat has been 

there all along? In 2013, the Inter- 

governmental Panel on Climate 

Change (IPCC) flagged an odd phe- 

nomenon: Atmospheric tempera- 

ture data collected over the past 
few decades suggested that global warming 
had slowed down beginning around 1998. 
Global warming skeptics crowed, and scien- 
tists delved into the global climate system to 
find out where the missing heat had gone. 
But a new analysis suggests that the real cul- 
prits are the data themselves. When better 
corrections for various sources of bias are 
applied to the data, the authors say, the so- 
called global warming hiatus vanishes—and 
in fact, they argue, global warming may have 
sped up. 

That won’t startle some scientists, 
who say the “hiatus” was always a 
misnomer. “There is no hiatus or 
pause,” says climate scientist Michael 
Mann of Pennsylvania State Univer- 
sity, University Park, who prefers the 
term “temporary slowdown.” But he 
and others do think something has 
changed since the late 1990s: Perhaps 
the deep waters of the Pacific and At- 
lantic oceans are storing more heat, or 
volcanic eruptions and pollution have 
been shading the planet and offset- 
ting the warming. What’s more, they 


Warming (degrees/ 
decade, 1998-2014) 
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note, 1998 was a particularly strong (and hot) 
El Nifio year—not an ideal starting point for 
determining a subsequent trend. 

But the temperature data themselves— 
collected by a variety of techniques from land 
and sea—have also been a source of concern, 
says Thomas Karl, director of the National 
Oceanic and Atmospheric Administration’s 
National Climatic Data Center in Asheville, 
North Carolina, and the lead author on the 
new paper published online this week in 
Science (http://scim.ag/TKarl). Climate sci- 
entists have worked for years to improve cor- 
rections for bias in the data. “It’s an ongoing 
activity,’ Karl says. 

Creating a single, self-consistent, long- 
term record of sea surface temperature (SST) 
has proven especially tricky. For much of the 
past 2 centuries, ocean temperatures were 


Vanishing hiatus 


New data and corrections for bias suggest global warming 
rates (Squares) are higher than scientists thought (circles). 


measured from ships, by means of a bucket 
thrown over the side. Different fleets used 
different measurement techniques and, over 
time, various types of buckets—first wooden 
ones, then specially designed canvas ones. 
Eventually, buckets gave way to ship engine 
intake measurements, taken when water was 
brought in to cool the machinery. And by the 
end of the 20th century, far more accurate 
buoy measurements took over. Each tech- 
nique required different corrections. 

Another challenge was incorporating land- 
based readings from thousands of new mea- 
surement stations in regions that have long 
had scant coverage, particularly Asia, South 
America, and Africa. New data from these 
regions have been amassed over the past 
5 years as part of the International Surface 
Temperature Initiative, which released its 
first report just last year. 

In their paper, Karl’s team sums 
up the combined effect of additional 
land temperature stations, corrected 
commercial ship temperature data, 
and corrected ship-to-buoy calibra- 
tions. The group estimates that the 
world warmed at a rate of 0.086°C 
per decade between 1998 and 2012— 
more than twice the IPCC’s estimate 
of about 0.039°C per decade. The 
new estimate, the researchers note, 


Published by AAAS 


is much closer to the rate of 0.113°C 
per decade estimated for 1950 to 1999. 
And for the period from 2000 to 2014, 
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Buoys, such as this 3-meter discus buoy beached in 
California, provide temperature data worldwide. 


the new analysis suggests a warming rate of 
0.116°C per decade—slightly higher than the 
20th century rate. “What you see is that the 
slowdown just goes away,” Karl says. 

And that’s without including the elephant 
in the room: Arctic warming. A 2014 paper in 
the Quarterly Journal of the Royal Meteoro- 
logical Society highlighted how the scarcity 
of temperature data from the Arctic, which 
is warming twice as fast as the rest of the 
planet, has produced a significant “cool” bias 
in the global trends, especially since 1997. 

“The post-1998 period is really difficult, 
partially because of Arctic warming and 
partly because of the change in SST measure- 
ments,” says Kevin Cowtan, a computational 
scientist at the University of York in the 
United Kingdom, who co-authored the 2014 
paper. “The fact that it’s caused problems is 
completely understandable, if unfortunate.” 

To estimate how Arctic warming might 
alter global trends, Karl’s team used a non- 
linear technique to fill in the data gaps for 
the polar region. Including the Arctic, they 
found, would add between 0.02°C and 
0.03°C of warming per decade. Karl notes 
that this is just an estimate, however, and 
wasn’t included in the paper’s final reanalysis 
of recent warming. 

Not everyone agrees that the 21st century 
slowdown is entirely a data artifact. Mann 
notes that there is “very clear” evidence of 
a slowdown in large-scale warming in the 
tropical Pacific; in a previous paper, he and 
others linked it to a natural decades-long 
climate pattern that brought about La Nifia- 
like cooler conditions in the past decade 
(Science, 27 February, p. 988). “The tropical 
Pacific definitely warmed less over that time 
period than climate models had predicted,” 
Mann says. 

Cowtan agrees, adding that there are a lot 
of lingering uncertainties in the data, par- 
ticularly in the Arctic, as well as in some of 
the shipboard corrections during the last 
century. “My feeling is, they’ve got the right 
answer—but not for quite the right reasons,” 
Cowtan says. “My guess is there’s a little bit 
too much ocean warming [in their calcula- 
tions], and not enough from the Arctic.” 

Karl says his team is planning ways to ad- 
dress the Arctic temperature issue next. He 
also says research into the slowdown has 
spurred important insights that help clarify 
the global climate system. “Global tempera- 
tures might have been even warmer than 
were reporting had some of these other 
factors not come into play,” Karl says. “And 
once these things play out, we may find we're 
warming at an even more rapid rate than we 
saw at the end of the last century.” & 


SCIENCE sciencemag.org 


SCIENCE POLICY 


Russian foundation tarred 
with ‘foreign’ label 


Founder may pull plug on private research funder 


By Vladimir Pokrovsky, in Moscow 


rapping up a postdoc in Italy in 

2003, Sergei Popov faced a di- 

lemma. The astrophysicist wanted 

to return to his native Russia but 

received “quite a good offer” to stay 

abroad. He was about to accept it, 
he says, when Russia’s only private research 
funder, the Dynasty Foundation, offered him 
a ticket home: a grant for young Ph.D.s. “It’s 
owing to Dynasty that I still work in Russia,” 
says Popov, a specialist on neutron stars here 
at the Sternberg Astronomical Institute. 

But Dynasty’s days are numbered. Last 
week, Russia’s Justice Ministry branded 
the foundation a “foreign agent.” The move 
threatens to strangle the foundation in red 
tape, and, Popov says, future Dynasty grant- 
ees would effectively be ostracized. 

The designation infuriates Dynasty’s 
founder, telecom tycoon Dmitry Zimin. 
Reached by phone, he told Science that he 
would simply “stop financing the founda- 
tion.” That prospect is sending shock waves 
through the scientific community. “The 
main thing that we have lost is hope,’ says 
Valery Rubakov, a physicist here at the Rus- 
sian Academy of Sciences’ (RAS’s) Institute 
for Nuclear Research. One of Russia’s top 
biologists—Mikhail Gelfand of RAS’s 
Institute for Information ‘Transmission 
Problems—and other prominent researchers 
have vowed to stage a rally here on 6 June to 
protest the government’s “disrespect to sci- 
ence and education” and “consistent elimina- 
tion of the seedlings of civil society.” 

Zimin, a co-founder of the national cellu- 
lar network VimpelCom, set up Dynasty in 
2002. Each year since then, he says, he has 
transferred about $10 million of his fortune 
to Dynasty. The Moscow-based foundation 
last year spent that sum on 20 projects sup- 
porting young researchers (mainly math- 
ematicians and physicists), competitions for 
science teachers, science festivals, and public 
lectures by world-class researchers. 

As part of a campaign to crack down on 
nongovernmental organizations focused on 
human rights and free elections, the Russian 
government in July 2012 adopted the foreign 
agent law, which piles reporting require- 
ments on designated organizations and com- 
pels them to label anything they produce, 


Published by AAAS 


from conferences to reports, as foreign agent 
activities. Since then, 67 organizations have 
been caught in the dragnet. Some have shut- 
tered operations in Russia, and others are 
fighting the designation. 

In labeling Dynasty a foreign agent, offi- 
cials cited its funding from offshore accounts 
owned by Zimin. At a press conference called 
last week after Dynasty’s designation drew 
widespread condemnation, Justice Minister 
Alexander Konovalov stood firm. “We do 
not exclude that there were positive motives 
for the foundation’s activities,’ he said, “but 
that does not exclude the necessity to imple- 


Dmitry Zimin is livid over foreign agent label. 


ment the law.’ Nor is it likely that Russian 
President Vladimir Putin will overrule him. 
Putin’s spokesman, Dmitry Peskov, declared 
last week that if Dynasty “gets money from 
abroad, then it zs a foreign agent.” The gov- 
ernment is not forcing Dynasty to close, Pes- 
kov added: That’s Zimin’s decision, he said. 
Dynasty officials plan to meet on 8 June to 
decide the foundation’s fate. In a letter last 
week to Russian scientists, Zimin wrote, “I or 
my heirs will renew and maybe even broaden 
these activities as soon as our existence in 
our country will become more civilized.” 
Dynasty had an outsized impact on Rus- 
sian science, researchers say. “My personal 
feeling is that Dynasty made a bigger con- 
tribution than the whole state,” says Boris 
Shtern of the RAS Institute for Nuclear Re- 
search. “Many rich people invest their money 
in sports clubs, in yachts, and only one of 
them invests in his own country’s science 
and education,” he continues. “The country 
has never known this kind of absurdity.” m 
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GENETICS 


Did good genes help people 
outlast brutal Leningrad siege? 


Study hints at more efficient metabolism in survivors 


By Yulia Smirnova and Angelina Davydova, 
in St. Petersburg, Russia 


n September 1941, German troops and 

Finnish allies encircled Leningrad, trap- 

ping 3 million residents in the Baltic 

city famed for its canals that is now 

called St. Petersburg. Food shortages 

grew acute; some inhabitants resorted 
to cannibalism. By the time the siege ended 
872 days later, as many as 1.1 million people 
had starved to death. 

But hundreds of thousands survived— 
and researchers’ think 
they’ve identified what 
gave some people an edge. 
Six years ago, Oleg Glotov, 
a geneticist here at the Ott 
Research Institute of Ob- 
stetrics and Gynecology, 
and colleagues set out to 
probe the genetics of sur- 
vivors. After tracking down 
206 of them, they found 
that the survivors included 
in the study are more likely 
than controls to have three 
gene variations, or alleles, 
associated with more eco- 
nomical energy metabo- 
lism in humans. starved 
for calories. 

The study, published in 
Advances in Gerontology, 
a Russian journal, is “fasci- 
nating” and “provocative,” 
says geneticist Stephen 
O’Brien, chief scientific of- 
ficer here at the Theodosius 
Dobzhansky Center for Ge- 
nome Bioinformatics. L. H. Lumey, a medi- 
cal epidemiologist at Columbia University 
who has examined survivors of a similar 
famine, the Dutch Hunger Winter in the 
German-occupied Netherlands of 1944 to 
1945, agrees that the work “is extremely 
interesting.” But he cautions that Glotov’s 
conclusions may be premature. The small 
pool of survivors, Lumey says, makes the 
results “very difficult to interpret.” 

Glotov says the study is still in its infancy. 
His team is enrolling more survivors and 
developing new ways to probe their genet- 
ics. The research will continue long after 
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the last survivor succumbs to old age: Their 
blood and saliva will be among the first 
samples stored in a national biobank that 
Glotov, his twin brother Andrey, and others 
are set to launch later this month. 

More than 70 years later, the siege re- 
mains a touchy subject here. Questioning 
whether Leningrad should have surren- 
dered to save lives is off-limits; the official 
line, Glotov says, is that the siege should be 
remembered for suffering and heroism. Be- 
cause that memory “is sacred,” he says, the 
siege “is not really open to further analysis 


Rn < ae ow P 
Weakened by hunger and cold, workers labor to clear snow in Leningrad during the winter 


of 1941 to 1942, when the city was encircled by German troops. New data suggest that gene 
variants involved in a more efficient metabolism helped some survive the siege. 


or alternative interpretations.” 

Glotov’s colleagues sought to dissuade 
him from a “taboo” topic. He was unde- 
terred, partly because of family history. His 
grandmother was one of about 840,000 
people who escaped Leningrad during the 
siege. Most fled in truck convoys in winter- 
time, across a frozen Lake Ladoga east of 
the city. 

The first winter was the harshest. For 
about a month at the end 1941, the trapped 
residents were consuming, on average, a pal- 
try 125 grams of starch a day—amounting to 
less than 200 calories—including roughage 
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like linseed cake, pine bark, and birch buds. 
Leningrad health records show that 90% of 
the registered population lost weight—in 
some cases, aS much as half of their body 
mass—that first winter. Surviving such a 
trauma did not guarantee good health later. 
After the war, about 29% of survivors devel- 
oped diabetes, compared with 3% to 4% of 
the general population, says Lydia Khoro- 
shinina, a biomedical scientist here at the 
I. I. Mechnikov North-Western State Medical 
University. That 2002 finding jibes with ele- 
vated rates of diabetes and other chronic dis- 
eases seen in survivors of the Hunger Winter 
and other prolonged famines. 

Ill health after the war could be a down- 
side of the same factors that helped people 
survive it, Glotov’s work suggests. His group 
used PCR to latch onto five target genes, all 
of which help regulate the metabolism of 
lipids and glucose, in the white blood cells 
of survivors and in 139 people of similar age 
who reside here but did not experience the 
siege. The survivors, they 
found, are about 30% more 
likely than controls to have 
variants linked to thriftier 
metabolism in three of 
the five genes: one coding 
for an uncoupling protein 
(UCP3), which affects the 
efficiency of cells’ power 
plants, and two coding for 
so-called peroxisome pro- 
liferator-activated receptors 
(PPARA and PPARD). 

The differences in allele 
frequencies “are not really 
overwhelming,” O’Brien says. 
“They are more suggestive 
than anything else.” And the 
study is rife with other un- 
certainties. For _ starters, 
Glotov acknowledges that it’s 
impossible to be sure how 
==. much food the survivors ate 
during the siege, or whether 
they benefited from social 
connections that upped their 
rations. 

Another caveat is that postwar lifestyle 
habits or environmental factors may have 
skewed the genetics of the survivors by pref- 
erentially killing off those with particular 
genes. And as survivors wink out, the dimin- 
ishing pool of subjects raises another ques- 
tion, Lumey says: “Is this a type of study that 
could ever be reproduced?” 

By building a survivor biobank, Glotov 
hopes to ensure that it can be reproduced. 
And he intends to boost the study’s statis- 
tical power by expanding it. His wife’s 90- 
year-old grandmother is a siege survivor— 
and she plans to enroll as a subject. @ 
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ASTRONOMY 


Thirteen telescopes now dot 
Mauna Kea on Hawaii's Big (sland, 
the oldest dating back to 1970. 

~ 


Hawait’s governor proposes telescope swap 


Thirty Meter Telescope can move forward, but existing instruments must be culled 


By Adrian Cho and Ilima Loomis 


proposed solution to the impasse over 
construction of the mammoth new 
Thirty Meter Telescope (TMT) on Ha- 
waii’s Mauna Kea volcano is less bold 
than it seems—and potentially more 
difficult. The proposal, to dismantle 
one-quarter of Mauna Kea’s 13 existing tele- 
scopes in return for allowing construction to 
proceed, would only accelerate vague existing 
plans to shutter some of the telescopes. Yet 
it promises no end of political pain, forcing 
researchers from different institutions and 
countries to compete over which telescopes 
to keep alive. And it may not defuse the pro- 
tests that have blocked the TMT project. 

“It’s going to be complicated,” predicts 
Sunil Golwala, a physicist at the California 
Institute of Technology (Caltech) in Pasa- 
dena, who uses one of the existing telescopes. 
“There are legal issues and leases that can’t 
necessarily be broken right away.’ The shut- 
downs could also cost millions of dollars 
per telescope. “In many cases it is actually 
cheaper to keep [telescopes] running than to 
pay for the deconstruction and site restora- 
tion,” says Lynne Hillenbrand, an optical as- 
tronomer at Caltech. 

The proposed culling is one of 10 new con- 
ditions on the mountain’s use that Hawaii 
Governor David Ige (D) announced during a 
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26 May press conference. The measures aim 
to address the concerns of Native Hawaiian 
protesters who claim the mountain as sacred 
ground and have blocked access to the TMT 
construction site (Science, 8 May, p. 614). “We 
have not done right by a very special place 
and we must act immediately to change 
that,’ Ige said. 

Ige affirmed that the TMT team has a right 
to proceed with construction. But he called 
for removal of 25% of Mauna Kea’s existing 
telescopes by the time the TMT is finished, 
perhaps by 2022. He also asked the Univer- 
sity of Hawaii (UH), which leases the summit 
from the state, to agree that the TMT will be 
the last new observatory site on Mauna Kea, 
to return 4000 hectares of unused land, and 
to shorten a proposed 65-year renewal of its 
lease, which expires in 2033. 

Protesters weren’t swayed and vow to con- 
tinue blocking access to the construction site. 
“Tt’s contradictory to say, ‘We're going to do a 
better job, but we’re going to start after the 
TMT; ” says Kahookahi Kanuha, a protest 
organizer. 

Astronomers have already thought about 
closing some of Mauna Kea’s existing tele- 
scopes. In 2010, a UH contractor wrote a 
decommissioning report as part of a broader 
management plan, ordered in 2006 by a state 
judge who blocked a NASA-funded project to 
add four to six small “outrigger” telescopes 
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around the twin 10-meter Keck I and Keck 
II telescopes. Although the report mostly de- 
scribes the process for decommissioning an 
observatory, it also estimates that by 2033 
there should be just 10 telescopes on Mauna 
Kea—including TMT—and even provides a 
rough list of facilities that might come down. 

That list shouldn’t be taken as definite, 
cautions Giinther Hasinger, director of the 
Institute for Astronomy at UH Manoa. Still, 
it points to a trend that’s likely to sway delib- 
erations, others say. 

Mauna Kea’s telescopes come in two types. 
Nine are optical and infrared (IR) telescopes 
housed in swiveling domes, with mirrors 
ranging from 0.9 to 10 meters in diameter. 
Four are dishes or arrays of dishes that col- 
lect radio waves and microwaves. The de- 
commissioning report suggests that only one 
of the four radio and microwave facilities 
would remain by 2033, whereas eight of the 
nine optical and IR telescopes would stay. 

The move away from the radio facilities re- 
flects the fact that they have been surpassed 
by the 66-dish Atacama Large Millimeter/ 
submillimeter Array (ALMA) in Chile, as- 
tronomers say. “It’s clear that Atacama is a 
better submillimeter site than Mauna Kea,’ 
says Dariusz Lis, an astronomer at the Paris 
Observatory. Still, researchers say that at 
least one of instruments—the James Clerk 
Maxwell Telescope, a 15-meter dish built in 
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1987—is a better survey instrument than 
ALMA, as it has a wider field of view. 

Among the optical and infrared telescopes, 
the four newest and biggest—Keck I and Keck 
Il, Japan’s 8.3-meter Subaru Telescope, and 
the international 8.1-meter Gemini North 
Telescope—are vital, says Paul Schechter, an 
astronomer at the Massachusetts Institute 
of Technology in Cambridge. He served on 
a recent National Research Council panel 
that examined how to optimize the U.S. op- 
tical and infrared science program and says 
that the four instruments “are things that the 
people on our committee would be horrified 
to see shut down.” 

In principle, some of the smaller optical 


waii Telescope, built in 1979, with a 10-meter 
telescope in the same dome. UH is already 
upgrading its 2.2-meter telescope, built in 
1970, with state-of-the-art robotic optics. 
Even the 3.8-meter United Kingdom Infra- 
red Telescope, which the decommissioning 
report suggested closing, has advocates. It’s a 
better survey telescope than some of the big- 
ger instruments, Caltech’s Hillenbrand says. 
How researchers will decide which tele- 
scopes to kill remains to be determined—as 
does how those decisions will be enforced on 
various funding agencies and foreign part- 
ners. But removing the instruments will be 
expensive. Currently only the Caltech Sub- 
millimeter Observatory, a 10.4-meter dish 


A crowded summit 


A 2010 report suggests that one of the nine optical and infrared telescopes and some 
combination of three of the four radio telescopes on Mauna Kea could be removed (*) 


by 2033. 
MIRROR 
DIAMETER 
TELESCOPE (METERS) OWNER BUILT 
OPTICAL/INFRARED 
UH Hilo Educational Telescope 0.9 University of Hawaii 2008 
UH 2.2-meter Telescope BD University of Hawaii 1970 
NASA Infrared Telescope Facility 3.0 ASA 1979 
Canada-France-Hawaii Telescope 3.6 France, Canada, University of 1979 
Hawaii 
United Kingdom Infrared Telescope* 3.8 University of Hawaii 1979 
Keck | 10 California Institute of Technology 1993 
and University of California 
Keck II 10 California Institute of Technology 1996 
and University of California 
Subaru Telescope 8.3 Japan 1999 
Gemini North Telescope 8.1 International 1999 
RADIO/MICROWAVE 
Caltech Submillimeter Observatory * 10.4 California Institute of 1987 
Technology 
James Clerk Maxwell Telescope * 15 East Asian Observatory 1987 
Submillimeter Array * 8x6 Smithsonian Astrophysical 2002 
Observatory, Taiwan 
Very Long Baseline Array * 25 U.S. National Science Foundation 1992 


telescopes could go without damaging sci- 
entific capabilities, says Robert Lupton, an 
astronomer at Princeton University. “They 
could get down to below 10 [telescopes] with 
no loss to U.S. astronomy,’ he says. But shut- 
tering the smaller observatories may prove 
difficult for political reasons. 

Canadian researchers, for example, hope 
to replace the 3.6-meter Canada-France-Ha- 
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built in 1987, is slated for decommission- 
ing—at a cost that’s not yet known. “You 
can guess that it’s bigger than a million dol- 
lars and smaller than 10 million,” Caltech’s 
Golwala says. Decommissioning costs fall to 
a telescope’s owner. 


Ilima Loomis is a freelance journalist in 
Maui, Hawaii. 
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GEOPHYSICS 


Polar scientists 


to peer beneath 
largest ice shelf 


Seafloor map would offer 
clues to the fate of Antarctica’s 
Ross Ice Shelf 


By Eric Hand 


he Ross Ice Shelf, a thick, floating 

tongue of solid ice the size of Spain, 

is the biggest of the many such bar- 

riers that ring Antarctica and keep 

its ice sheets from sliding into the 

sea. Yet the shape of the sea floor be- 
neath—a critical factor in how fast the shelf 
might melt—is virtually unknown. The ice 
keeps sonar-carrying ships out, and the wa- 
ter beneath it blocks radar. “It’s the least 
known piece of ocean floor on our planet,” 
says Robin Bell, a geophysicist at Columbia 
University’s Lamont-Doherty Earth Obser- 
vatory in Palisades, New York. 

Now, Bell and colleagues plan to fill in 
the giant blank spot. They have recently re- 
ceived a grant to survey the shelf with an 
ultrasensitive airborne gravity detector. The 
sensor detects tiny changes in gravity: the 
boosts caused by the extra mass of seafloor 
hills and the decreases from troughs. After 
a test flight over the mountains of Vermont 
next month, her team plans to crisscross the 
Ross shelf in 36 flights over two 3-week-long 
campaigns, one in November and a second 
in 2016. They hope to map features as small 
as 50 meters tall—dramatically better than 
the present map, which scientists pieced to- 
gether in the 1970s by setting off small ex- 
plosions on the ice every 50 kilometers and 
recording the echoes. 

Knowing the shape of the sea floor could 
give climate scientists important clues about 
how warm ocean water could melt the ice 
from below—a process with repercussions 
that could extend far beyond Antarctica. 
Floating ice does not affect global sea lev- 
els when it melts. But a thinned—or worse, 
collapsed—ice shelf could clear the way for 
more of Antarctica’s continent-covering 
ice sheets to enter the ocean and push up 
sea levels. “Remove that plug, and the ice 
starts to flow faster,’ says Helen Fricker, a 
co-principal investigator for the survey and 
a glaciologist at the Scripps Institution of 
Oceanography in San Diego, California. 
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The Ross shelf, roughly 600 meters thick 
and sitting over about 200 meters of water, 
has been relatively stable in recent decades. 
But ice shelves can be capricious: On the 
Antarctic Peninsula, an area of the Larsen 
B shelf the size of Rhode Island collapsed in 
a matter of months in 2002. Fricker wants 
to gather baseline parameters before Ross 
suddenly changes. “We don’t know for sure 
that the Ross shelf won’t change in the next 
15 years,” she says. 

Antarctica is ringed by the circumpolar 
current, which carries a deep slug of warm 
water clockwise around the continent, gen- 
erally at a safe distance from ice shelves. 
According to a study published in Science 
last December (Science, 5 December 2014, 
p. 1227), the current has been warming 
since the 1970s and rising closer to the 
shelves, especially along the western penin- 
sula of Antarctica. A new map could reveal 
whether that water has ready access to the 
underside of the Ross shelf. “Is there a deep 
pathway, a canyon, a valley that the water 
can run up like a road?” Bell asks. 

At a finer scale, knowing how rough or 
smooth the sea floor is will help ocean mod- 
elers gauge the threat from turbulent eddies 
that could bring that warm water up to the 
ice’s underbelly. The rougher the bottom, 
the more vigorous the eddies. The 1970s-era 
map suggests that the sea floor is relatively 
smooth. But Bell says that a test flight with 
an older gravity sensor last November al- 
ready revealed surprising roughness, sug- 
gesting that mixing is underestimated. 

In May, Bell’s team received a $2.2 mil- 
lion commitment from the Gordon and 
Betty Moore Foundation to fly the new 
gravity sensor aboard four-engine C-130 
cargo planes, which fly longer distances in 
more types of weather than the Twin Otter, 


Beneath the ice 


a workhorse of polar research. The grav- 
ity meter will be sensitive to changes as 
small as a milligal, which is the difference 
in gravity between the bottom and the top 
of a 3-meter stepladder. Bell is now waiting 
on an additional $3.4 million from the Na- 
tional Science Foundation that she needs to 
embark on the campaign. 

After demonstrating her instrument’s 
capabilities at the Ross shelf, Bell hopes it 
will be used to probe the underpinnings 
of other shelves in Antarctica and Green- 
land. “The Ross is where I get people to go 
‘Wow, ” she says. 

To wow her colleagues, however, 
she will have to navigate some 


By mapping the sea floor under ice shelves, scientists can identify 


terrain that lets warm ocean water enter and mix. 
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Gravity sensor being loaded into a C-130 cargo plane for a November 2014 test on the Ross Ice Shelf. 


TANS 


pitfalls. The team has to compensate for 
any bumps during the flight, using GPS, an 
internal motion sensor, and a laser altime- 
ter trained on the ice below. Even then, the 
variable density of seafloor rocks can make 
the gravity data hard to interpret. Keith 
Nicholls, a polar scientist at the British 
Antarctic Survey in Cambridge, U.K., says 
the soft sediments that cover the seafloor 
bedrock can change thickness drastically. 
“Tf you don’t know your geology, you’re 
stuffed,” he says. Nicholls and his col- 
leagues have used autonomous submers- 
ibles to map the seafloor geology beneath 
a few small ice shelves. But he says even 
their latest submersible, which could 
last for several months beneath the 

ice, would be hard-pressed to canvas 

the sea floor covered by a shelf as 

big as the Ross. 

Douglas MacAyeal, a polar sci- 
entist at the University of Chicago 
in Illinois, is glad to see scientists 
returning to the Ross shelf. As a 

graduate student, he helped create 
the first map from 1972 to 1978. Af- 
ter hand-augering holes the width of a 
beer can and a few meters deep, he tamped 
down the explosive charges. He still recalls 
the whump of the ice-muffled detonations. 
In later decades, scientists concentrated on 
the land-based ice streams and ice sheets, 
he says, but now they’re realizing that the 
fate of the land-based ice depends in large 
part on those floating fringes. “We have to 
go back,” he says. “The limiting knowledge 
gap is no longer in the ice streams but is 
back again in the ice shelves.” & 
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Isolated tribes’ territory lies 
far up the Curanja River in the 
remote Peruvian Amazon. 


. “CONTACT. 


“ys Some of the last isolated tribes are 
emerging from Peru’s rainforests 


‘', By Andrew Lawler; photography by Jason Houston, 
along the Curanja River, Peru 
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t first the signs were subtle. A 
banana tree was stripped of ripe 
fruit. Papaya and watermelon 
vanished. A machete went miss- 
ing. Clothes hanging off a scare- 
crow disappeared. 

The indigenous villagers who 
hunt and farm manioc in small 
clearings here already knew they 

were not alone. The oldest among them 
remember growing up naked and on the 
move, living off the bounty of the Amazon 
rainforest. But their cousins who remained 
in the jungle typically avoided all contact 
with outsiders. 

Now, the villagers along the muddy 
banks of the Curanja River, which snakes 
for 200 kilometers through the rainforest of 
eastern Peru, are reporting not just signs of 
the mysterious forest people, but frequent 
sightings and even raids. “Since 2011, there 
have been regular incidents with the na- 
ked ones,” says Delicia Roque Samuel, 42, 
speaking in her native Huni Kuin language 
through an interpreter. Last year, women 
watched strangers take bananas from their 
gardens, and a girl picking lemons saw a 
naked man across the river, motioning her 
to come with him. When villagers all along 
the river canoed downstream to vote in 
regional elections last October, people in 
three villages returned to find their houses 
ransacked by isolated people who had pre- 
viously avoided contact. 

Samuel, who lives in the small settle- 
ment of Nueva Vida, points to one side of 
her thatched hut. “They broke this wall, 
entered, and took pots, pans, clothes, mos- 
quito nets, and hammocks. ... We are scared 
now to go very far, and I’ve planted a garden 
closer to my house.” 

The villagers empathize with their forest- 
dwelling cousins and say the isolated people 
“harvest” rather than “steal” goods. But their 
patience is wearing thin. “The next time,” 
warns Nolso Torres Prado, head of a village 
that was abandoned entirely after the Octo- 
ber raids, “I will kill them.” 

The tension extends beyond this remote 
corner of eastern Peru. A surge in sightings 
and raids in both Peru and Brazil may be a 
sign that some of the world’s last peoples liv- 
ing outside the global economy are emerging. 
“No one knows what is happening” within 
these groups, says Francisco Estremadoyro, 
director of the Lima-based nonprofit Pro- 
Purtis, which promotes sustainable develop- 
ment in the region. “But there is no question 
that this is a historic moment.” 

Centuries of history show how contact 
can go wrong. The events along the Curanja 
are the last, lingering echoes of the collision 
of cultures that began in 1492, in which an 
estimated 50 million to 100 million native 
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people perished and entire cultures van- 
ished. Now, anthropologists and officials 
wonder if they can minimize the human toll 
of this final act. Lacking immunity to com- 
mon pathogens and requiring large tracts 
of intact forest for food, medicines, and ma- 
terials, the isolated tribes “are some of the 
world’s most vulnerable people,” says Beatriz 


Published by AAAS 


Huertas, an anthropologist based in Lima 
who has extensively studied the groups. 

The primary danger is disease transmit- 
ted by outsiders such as loggers, miners, 
missionaries, drug traffickers, and even 
television crews. These groups threaten 
tribes and the rainforest on which they de- 
pend in other ways, too. In some instances, 
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outsiders have violently attacked isolated 
peoples. Even well-intentioned gifts like a 
flashlight—which requires toxic batteries 
and transforms the night—may disrupt tra- 
ditional ways of life. 

On paper, the solutions seem straight- 
forward: vaccinations for both forest tribes 
who emerge and those who contact them, 
medical care in remote locations, limits on 
the transfer of modern technologies, and 
reserves that prevent outsiders from ex- 
ploiting isolated peoples. But if recent inci- 
dents along the Curanja are any guide, the 
Peruvian government is unprepared to cope 
with forest people’s emergence in remote 
corners of the Amazon. “There is a time 
bomb in the Curanja,” says Chris Fagan, 
executive director of the Upper Amazon 
Conservancy (UAC), a U.S.-based nonprofit 
that works closely with ProPurts to pre- 
serve ecological and cultural diversity. Adds 
Estremadoyro: “We are on the threshold of 
large extinctions of cultures.” 


ONE THOUSAND KILOMETERS WEST of 
the Curanja, across the Andes mountains in 
Peru’s capital of Lima, cultures hidden deep 
in the jungle seem like a distant dream or 
even a fantasy. More than 95% of the coun- 
try’s population lives in the mountains or 
along the coast, and until recently govern- 
ment officials dismissed isolated forest 
peoples as fanciful—a stark contrast with 
policies in neighboring Brazil (see compan- 
ion story, p. 1080). 

“The figure of the uncontacted native 
jungle dweller” is a fiction created by en- 
vironmentalists eager to halt oil and gas 
development in the Amazon, Peru’s then- 
President Alan Garcia said in 2007. That 
same year, Daniel Saba, who headed the 
state-owned oil company Perupetro, called 
it “absurd to say that there are uncontacted 
peoples when no one has seen them.” Carlos 
Mora Bernasconi, an anthropologist at Pe- 
ru’s powerful Ministry of Energy and Mines 
in Lima, insists that other anthropologists 
and indigenous groups intentionally skew 
results to stop development. 

As reports of contacts proliferate, however, 
the reality of at least some isolated tribes has 
become impossible to ignore. In August 2013, 
some 100 armed members of the Mashco 
Piro, an isolated tribe that lives primarily in 
national parks in eastern Peru, appeared near 
the community of Monte Salvado and made 
threatening gestures. Then, last fall, some 
100 Mashco Piro warriors raided the village 
while most inhabitants were away, killing 
dogs and chickens, smashing windows, and 
destroying clothes. The four remaining com- 
munity members fled. On 1 May, south of 
the Curanja and just outside Manu National 
Park, Mashco Piro men shot an arrow that 
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The poisoned necklace 


By Andrew Lawler, in Columbiana, Peru 


ne day in the early 1950s, when he was a young child living with his family in 
the Amazon rainforest, Marcelino Pinedo Cecilio encountered his first outsiders. 
At the sight of light-skinned people who wore clothes, “my mother grabbed me 
and we ran into the forest,” recalls the 69-year-old. 
Not long after, a man whom Cecilio remembers as a German anthropologist 
visited their isolated village on the upper Curanja River in this remote corner 
of the Amazon. (Anthropologists say the visitor may have been ethnographer and 
photographer Harald Schultz, who worked for what later became FUNAI, the 
Brazilian governmental agency that protects indigenous people.) “We were naked,” 
Cecilio says. “He came with machetes, mosquito nets, axes, and clothes.” 

The visitor stayed 1 night before heading upriver, then returned a couple of 
weeks later, leaving behind a necklace of fish bones as a gift. Soon after, villagers 
developed a sore throat and burning fever. Cecilio estimates that 200 people died 
and the tribe scattered. “We were so weak, and some vanished into the forest.” The 
tribe blamed the necklace, thinking it was poisoned. 

Cecilio remembers growing up in a huge long house 
with dozens of families. They grew manioc, yucca, 
peanuts, corn, and jungle potato, sometimes using 
a root with spines to clear fields. They made arrows 
using bamboo, sharpening points with the teeth of a 
large rodent. “We kept good relations with other tribe 
members who lived in the area, celebrating together 
and holding competitive games as well,” he says. The 
brief visit from the outside spelled an end to that life. 

Like so many indigenous peoples since the arrival 
of the Portuguese and Spanish here in the 16th 
century, Cecilio’s group was likely struck down by 
a common Western disease—maybe influenza or 
whooping cough—inadvertently carried by the visi- 
tor. It is an old story: Within a year of the arrival 
of Spanish conquistador Hernan Cortés and his 
smallpox-carrying troops in 1519, for example, half 
the population of the Aztec capital of Tenochtitlan 
perished, historians estimate. Today’s isolated tribes are in the same position as 
those New World peoples 5 centuries ago, with immune systems naive to such 
pathogens, says Lima-based anthropologist Beatriz Huertas. “They are particularly 
susceptible to respiratory and eye diseases,” she says. 

In the past century, American missionaries, anthropologists, and loggers 
brought the pathogens. Now, drug traffickers and television crews play that role. 
In Manu National Park, just south of where Cecilio lives, at least four people of 
the Matsiguenka forest community died in an epidemic in 2007. A 2008 report 
by Peruvian anthropologist Daniel Rodriguez links the illness to a visit by a film 
crew who wanted to include the Matsiguenka in the popular British series World’s 
Lost Tribes: New Adventures of Mark and Ollie. Rodriguez concluded that the crew 
strayed beyond the area included in their permits, which were designed to avoid such 
transmissions. The company denied both charges. 

As increasing numbers of isolated people emerge from the forest, their risk of dis- 
ease is growing. Finding ways to protect them is an urgent concern (see main story, 
p. 1072), anthropologists say. 

Today, Cecilio again lives along the Curanja, where he makes feathered headbands 
and cultivates a garden. This spring, he shared his knowledge of traditional plant 
medicines with a visiting German biologist. 

Despite the bitter memories, Cecilio’s gentle smile radiates kindness. Asked 
whether he misses his youthful days in the forest, he doesn’t hesitate. “No!” he says 
firmly. He would like to find a way to talk with the peoples still in isolation. “I want 
them to know there is another way of life.” m 


Marcelino Pinedo Cecilio can 
still remember life as a child 
living in the rainforest. 
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killed a 20-year-old indigenous villager. 

Other regions, such as the mountains of 
New Guinea and the Andaman Islands in 
the Indian Ocean, are also home to isolated 
peoples. But by far the largest numbers are 
found across the Amazon. And it is in Peru 
that the situation appears most dire, with 
large numbers of isolated people—Huertas 
estimates as many as 8000, scattered in small 
bands—and a history of neglect. 

These are not the uncontacted people of 
romantic imagination. Most of these groups 
had traumatic interactions with industrial 
society about a century ago, when the upper 
Amazon filled with tens of thousands of out- 
siders eager to make a fortune from rubber. 
The difficult and dirty work of tapping the 
white sap from rubber trees was assigned 
to indigenous people, who long ago had 
learned to use the sap to make waterproof 
shoes or balls. In return, the tribes often re- 
ceived only basic supplies like hammocks, 
machetes, and clothes; they lived in what 
amounted to slavery. Scholars estimate that 
as many as 250,000 natives in Peru and Bra- 
zil, or one in 10, died. 

Some tribes escaped into the forest, rely- 
ing on deep knowledge of the ecosystem for 
all of their needs. They fashioned bows and 
arrows from local materials to kill game, 
made poisons to fish, and used diverse 
plants for medicine and ceremonies. Some 
groups abandoned traditional skills such as 
farming and canoe construction in order to 
avoid detection, Huertas says. 

She ticks off the forces that may now be 
forcing isolated people from their hideouts: 
food shortages, intertribal conflicts, illegal 
loggers, and oil and gas exploration. Peru is 
the world’s top producer of illegal cocaine 
and exports much of it to Bra- 
zil, with the remote Amazon 
jungle serving as a smuggling 
route. Isolated peoples “are 
being pushed to the last rem- 
nants of intact forest in the 
headwaters, the most secluded 
areas,” says ProPurts Director 
Estremadoyro during 
an interview in Lima. 
“They are already in 
the deepest jungle 
they can find.” 

Peru is at last ac- 
knowledging the crisis. 
“Until a few years ago, 
the government denied 
their existence, but now 
it is finally instituting 
policies to protect them,” 
Huertas says. In recent 
years, the Peruvian govern- 
ment has set aside 3 million 
hectares in five reserves as 
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safe havens and has forbidden efforts to 
contact isolated peoples. In a small office 
she shares with a half-dozen co-workers 
within Lima’s modernist concrete Ministry 
of Culture, Lorena Prieto leads the effort to 
add another five reserves. Teams are in the 
field now to gather evidence on the loca- 
tion and numbers of isolated peoples—and 
to understand their emergence. Prieto ac- 
knowledges the role of mining and logging, 
but says “there is something else at play 
here, though there’s not enough research 
yet to know what.” 


“MALOCA!” SAYS UAC’S FAGAN, his index 
finger jabbing at the window. “There!” 
For the previous hour, passengers on a 
10-seater charter prop plane have seen 
only unbroken green jungle and sinu- 
ous brown rivers. Now, two clearings, 
tawny against the emerald foliage, swim 
into view. Communal thatched huts— 
malocas—line up in one clearing, while the 
other appears to be a farm field. Fagan has 
spotted the settlement of an isolated tribe, 
far from any known villages—an extremely 
rare sighting. 

After flying over unbroken jungle and 
rivers for another hour, the plane bumps 
to a halt in Puerto Esperanza, the capital 
of Peru’s remote Purtis province, which is 
wedged up against the Brazilian border. A 
straggling town of fewer than 2000 people 
unconnected by roads and served only by 
occasional flights (see sidebar, p. 1078), 
it is the gateway to the Puris Communal 
Reserve and the Alto Purtis National Park, 
which border other protected areas. To- 
gether, these lands form a Virginia-sized 
region of tropical rainforest that is home 


Up the Curanja 
Settlements are strung like beads along rivers in Peru's PurUs province, 

where a canoe is the best means of transport. From Puerto Esperanza to 
Santa Rey is a 2-day journey. 
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Villagers along the Curanja 
paint traditional desi ns using 
local plant dyes. 


to isolated people as well as threatened 
and endangered species like pink-hued dol- 
phins, harpy eagles, and black caimans. 

Aboard the plane is a team organized by 
UAC and ProPurits to investigate the recent 
raids and gauge the villagers’ preparedness 
for future encounters. The nine-person team 
includes interpreters for native languages 
and Rafael Pino Solano, chief 
of the Purtis Communal Re- 
serve. Along with gear and 
food, the group crams into a 
motorized canoe christened 
Lobo del Rio—river wolf—after 
a giant endangered Amazo- 
nian otter. 

The Curanja River lies a day’s 
journey from Puerto Esper- 
anza, up the milk chocolate- 
colored Purts River amid 
swarms of biting gnats, fre- 
quent rain showers, and calls 
of birds and monkeys in the 
thick rainforest lining the 
banks. Distance here is mea- 
sured not by kilometers but by 
turns of the wide river. 

At Curanjillo, a hamlet of 

‘ seven families upstream from 
Ee where the Curanja joins the 

Purts, villagers worry that 
~ isolated people will continue 
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to make off with pans and hammocks. “We 
know [the tribes] are around, although no 
one sees them,” explains village chief José 
Torres Nacimiento, sitting in the open-air 
community building as women paint tradi- 
tional designs on visitors’ arms with natu- 
ral plant dyes. “Things are taken, there are 
footprints, and you hear animal sounds.” 
Nacimiento adds that “people feel angry 
and abandoned” by a government that 
seems more concerned with the fate of the 
isolated peoples than with the welfare of 
villagers who lack electricity, clean water, 
and health care. 

The villagers along the Curanja are them- 
selves only a generation or two removed 
from a traditional life in the forest. Chris- 
tian missionaries encouraged them to settle 
down starting in the 1950s. Now, they keep 
chickens and grow peanuts, mango, and 
cocoa beans while maintaining some tradi- 
tional practices. 

A dozen turns upriver in the village of 
Nueva Vida, a robust 78-year-old elder 
named Filomeno Torres Marquez recalls 
that when he was a child, “we were na- 
ked, without clothes, or chickens or salt or 
sugar.” Today, he is just back from a solo 
hunt for the piglike peccary and a large 
bird called a curassow—traditional forest 
staples. In an impromptu demonstration, 
Marquez pulls out his bow and arrow, both 
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taller than his small but sturdy frame, and 
demonstrates his mastery by piercing an 
old shoe several dozen meters away. 

Stories of fleeting contact and “harvests” 
by isolated peoples are echoed in village 
after village as the group approaches the 
communal wilderness. Thirteen more 
turns upriver in Columbiana, a 42-year-old 
farmer named Maquias Pinero 
Puricho reports that the isolated 
peoples appear hungry. “I think 
these guys don’t have a food safety 
net, such as farms, so they seek 
out ours,” he says. Solano notes 
that in the communal reserve 
itself, recent floods limited the 
supply of turtle eggs, a key food 
for forest peoples in the summer. 
And the larger of the two main 
types of peccaries, which usually 
travel in packs of 100 or more, is in steep 
decline for unknown reasons. Last year, 
Mashco Piro tribespeople appeared on the 
riverbank near the town of Monte Salvado, 
demanding, “Where did the peccaries go?” 

The next village upstream, Balta, boasts 
a medical post with a nurse, Miguel Silva. 
But Silva lacks transportation and basic 
medical supplies, such as antivenom. “Ask 
the Ministry of Health why I have no boat 
or motor,’ he says. The previous day, a com- 
mon viper bit the village chief’s 9-year-old 
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son. The chief chose to treat the boy with 
traditional plant medicines rather than 
send him a day’s journey downstream to 
Puerto Esperanza. But when the team of- 
fers antivenom, the father relents. The boy 
ultimately recovers. 

Silva also lacks the tools to protect emerg- 
ing tribes from their biggest danger: infec- 
tions that can lurk in something as innocent 
as a cast-off T-shirt. “Most authorities don’t 
take this problem seriously,’ Huertas says. 
“A cold for us is an inconvenience; for them 
it can be a tragedy,’ she says. Influenza can 
abruptly wipe out whole tribes (see sidebar, 
p. 1075). In the 1980s, half of one isolated 
tribe—some 300 to 400 people—perished 
after workers for the Dutch oil company 
Shell passed on pathogens, she says. 


A HALF-DAY’S CANOE RIDE upstream in 
Santa Rey, the last village before the wilder- 
ness, Abilio Roque came back from voting 
in October to find his entire house burned 
to the ground, including the hunting and 
fishing gear he uses to survive. 

The culprit was Epa, a man from an iso- 
lated tribe who was enticed out of the forest 
a dozen years ago by missionaries. Roque 
had allowed Epa to stay in his house during 
the elections, and the tribesman later admit- 
ted that he had burned it down by accident, 
according to Roque’s grandson. Known 
along the Curanja as a man who inhabits a 
netherworld between isolated and settled 
people, Epa embodies the tensions brought 
by this new wave of contact, and some vil- 
lagers have grown to distrust him. 

The expedition pushes off from Santa Rey 
and sets off into Epa’s territory, just inside 
the communal reserve. Accompanied now 
by asmall flotilla of forest rangers 
and local villagers, the Lobo del 
Rio ties up along the north side of 
the riverbank, near where Epa is 
known to live with his two wives 
and a mother-in-law. An older 
woman appears. “Help! My leg 
hurts—give me a shot,’ she wails 
in the Mastanahua language, fall- 
ing to the ground in distress. She 
explains that her name is Maria 
and that Epa, her son-in-law, has 
gone to visit his family in the forest. Visitors 
follow her limping figure about a hundred 
meters to a makeshift compound hidden 
in the jungle. Two dozen dogs bark wildly 
within a palm-fronded shelter strung with 
small hammocks, one per dog. Dozens of 
empty turtle shells litter the slope below. 

Although Maria’s leg appears slightly 
swollen, the interpreter says that her dis- 
tress centers on the recent death of a pet 
dog and monkey. Her daughter Elena, one 
of Epa’s wives, ignores the visitors while 
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cradling a sick dog and singing a haunt- 
ing song. Curious foresters and villagers 
crowd around, snapping photos with their 
iPhones. As Maria’s anxiety increases, 
Fagan calls everyone to withdraw to the 
boats, to avoid exacerbating a situation that 
verges on chaos. 

After camping on a wide beach, the next 
morning the team heads back downriver. A 
figure appears on the far bank: Epa himself. 
He wears a knit cap and a blue and yellow 
striped shirt and has a small circle of metal 
cut from a tin can suspended from his nos- 


trils. His eyebrows are shaved, and he looks 
past middle age. He invites some of the visi- 
tors to his compound. 

Epa—the name means “father” in the 
Pano language family—says that his real 
name is Shuri and that although he has no 
children, he has 10 family members in the 
forest. “I often visit my family in the for- 
est, and they often come to visit me here,” 
he says through an interpreter. His people 
do not farm or build canoes, he says. He 
boasts that he recently shot a tapir, a large 
snouted mammal, taking half to his family, 


and he proudly shows off his bow and ar- 
row, skillfully made of local wood and fiber. 
When asked about the maloca that Fagan 
saw from the air, he nods. “Those are our 
enemies,” he says, adding that he fled here 
in part to avoid their violence. Such clashes 
among tribes are common and may intensify 
as the jungle shrinks, anthropologists say. 
Epa says his family is reluctant to join 
him because game and fruit are scarce 
nearby. “We need cooking oil, sugar, salt, 
knives, machetes, tobacco, and clothes. If 
you give me plenty of these things—all the 
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Mercy on these people, and give us a road 


By Andrew Lawler, in Puerto Esperanza, Peru 


hen the Peruvian government created the Alto Purts 

National Park in 2004 to protect biodiversity and iso- 

lated peoples (see main story, p. 1072), Miguel Piovesan, 

the priest in this frontier town, was outraged. He says 

the park sealed Puerto Esperanza off from the rest of 
Peru, leaving its people impoverished and ill, without access to 
medical care or modern conveniences. “People call the Amazon 
the lungs of the world,’ he says in an interview at his modest 
rectory close to the town’s quiet landing strip. “But here we have 
children suffering from tuberculosis.” 

No roads lead into or out of this town of fewer than 2000, 
located just upstream from Brazil on the Purtis River. The 
only way to get here is by infrequent flights from the town of 
Pucallpa, Peru, 450 kilometers away, or by a monthlong river trip 
through Brazil. Teachers and doctors are reluctant to move to 
such an isolated place, says Piovesan, a thin and ascetic figure 
dressed in white. “Many families are leaving for Brazil, since liv- 
ing costs are so high here,” he adds. 

Piovesan wants a road, as do his allies, who include Catholic 
bishops, military officers, and local mestizos (people of mixed 
white and indigenous ancestry), who own most of the small 
businesses here and are eager for economic growth. The 
preferred route would hug the Brazilian border and connect 
the town with the Peruvian city of INapari to the southeast. 
Next to the Puerto Esperanza airport, supporters have 
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Aroad linking the town of Puerto Esperanza to the outside world would slice 
through isolated tribes’ territory in the Alto Purtis National Park. 
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erected an optimistic sign pointing down a rutted path: 
“Inapari—207 kilometers: Have a Nice Trip!” 

Piovesan also spreads his message from the pulpit. Behind 
the altar of his church, above the crucifix, large red and white 
block letters spell out “Jesuscristo Camino: Apiadate De Este 
Pueblo y Danos Une Carretera,’ or “The way of Jesus Christ: 
Mercy on these people, and give us a road.” 

Piovesan’s message resonates in Lima with some politicians 
who are keen to develop the Amazon and suspicious of foreign 
environmental groups. “Three and a half thousand people are 
living in an unacceptable and unjust situation,’ lawmaker Carlos 
Tubino Arias Schreiber told the Peruvian Congress in 2012, citing 
lack of education and emergency medical care in the province of 
Purdas. “Human beings are worth more than trees and animals.” 

But advocates for the environment and for indigenous people 
decry the plan for the road—“the Death Road,’ as Survival 
International, a London-based group that defends indigenous 
rights, calls it. If built, the road would cut through a long swath 
of the Alto Purts National Park and the Madre de Dios territorial 
reserve. In the past, such roads have brought economic gains but 
also a flood of outsiders and pathogens, alcohol, and material 
goods, anthropologists say. Glenn Shepard of Museu Paraense 
Emilio Goeldi in the Brazilian city of Belém, who works exten- 
sively in the Amazon, notes that a logging road extending west 
from Inapari already threatens the isolated Mashco Piro people, 
who have recently had aggressive interactions with outsiders. 
The proposed road’s only beneficiaries, says one indigenous 
organization, will be “illegal logging marfias.” 

Jose Borgo Vasquez, the regional coordinator of the nongov- 
ernmental organization ProPurts, argues that a better approach 
to boosting Puerto Esperanza’s fortunes would be to encourage 
small-scale businesses such as aquaculture or cultivating turtles 
for export down the river to Brazil and eventually perhaps even 
China. A road, he argues, will simply destroy the forest on which 
indigenous people, both isolated and not, depend. 

For now, the Peruvian government has declined to approve the 
road due to its high cost as well as the international pressure. 
The path from the airport ends in dense jungle. Piovesan and 
his opponents do agree on one point: Lima’s failure to help the 
indigenous people who make up most of Purts province. “The 
government is doing nothing for the contacted people,’ Piovesan 
says, “so how can they plan to help the uncontacted?” m 
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things you use in town—then my relatives 
might move here. ... Maybe if there were a 
large house and a farm to support us, then 
they might come and settle down.” 

He offers to exchange a large turtle and 
two small ones for staples and flashlights. 
Fagan trades the animals, which are later 
released in the river, for rice, sugar, and oil. 
“T know you won't give me the flashlights,” 
Epa grouses, his eyes straying to the photog- 
rapher’s camera gear. 

At the mention of the October raids, Epa 
grows wary. “Yes, some of my family mem- 
bers were involved,” he admits. 
“But the timing was just coinci- 
dence. I didn’t know everyone 
would be gone.” 

But the Curanja villagers say 
that Epa knew all about the 
elections. They suspect that he 
is much more than a naive na- 
tive seeking safety, sugar, and 
salt. He is, they believe, studying them as 
carefully as any anthropologist, noting the 
ripening of orchard fruits, the quantity of 
their goods, and their daily movements. He 
may be, in effect, a spy. 

“T’ve been analyzing the encounters with 
isolated people since Epa’s arrival around 
2002,” says Tomas Torres Alicio, a 61-year- 
old schoolteacher back downstream in 
Columbiana. “There have been 15 or so in- 
cidents, almost all on the north bank of the 
Curanja. ... He must be telling his family de- 
tails about our farms and goods, and when 
we are absent.” 

Whatever Epa’s precise role in the inci- 
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dents, he is an agent of contact, and Fagan 
worries that he may transmit pathogens back 
to his people in the jungle. 

Some villagers and even government 
foresters lack the dozen or so vaccinations 
recommended to protect isolated peoples, 
says reserve chief Solano. Missionaries say 
that Epa, Maria, and his wives refused vac- 
cinations a decade ago; whether they have 
been vaccinated since is not clear. “He and 
his family have consistent contact with their 
tribe, which still lives in isolation and have 
not received any immunizations, as well as 


Isolated peoples “are being pushed to the 
last remnants of intact forest. ... We are on the 
threshold of large extinctions of cultures.” 


Francisco Estremadoyro, ProPurus 


with nearby villagers who travel to cities, and 
even with the occasional outsiders who visit 
the Curanja,” Fagan says. “Disease transmis- 
sion is a significant and immediate threat.” 

Epa’s story shows the need for better plan- 
ning and health care in these remote re- 
gions, Huertas says. “You can’t take them to a 
town,” she says of the tribespeople. “You need 
a small group of specialists to isolate them 
from villages.” This would entail building 
small centers on the reserve perimeters, as is 
done in Brazil, to serve as a base for treating 
or helping isolated people. 

Back at the Ministry of Culture in Lima, 
Prieto acknowledges the need. “We respect 
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Journeys into the tribes’ last 
refuges are measured not in 
kilometers but in turns of the river. 


the right of the people to be isolated, and we 
are also pushing to provide health care as- 
sistance.” But with an annual budget of only 
$1 million, her 17-member staff is stretched 
thin. “There is no way to cover this amount 
of territory on our budget,” she says. The 
government has yet to agree on health pro- 
tocols for the isolated peoples, much less on 
the funding to put Prieto’s vision into place. 
Meanwhile, anthropologists agree that more 
research is desperately needed to understand 
just why tribes are emerging now. 

If isolated people do manage to avoid 
epidemics, the loss of land, and 
violence by hostile outsiders, 
they may find little comfort in 
the struggling villages along the 
Curanja. These villagers them- 
selves have yet to reap many of 
the benefits of modern civiliza- 
tion, including electricity, clean 
water, or employment opportuni- 
ties. “After initial contact, these people are of- 
ten left to their fate, struggling to survive, cut 
off from other groups, begging for food, and 
with no land to call their own,’ Huertas says. 

Faced with a shrinking habitat and an in- 
flux of outsiders, however, the tribes’ time for 
choosing between the forest and settled life 
may be drawing to a close as abruptly as the 
tropical dusk. = 


Reporting for this package was supported in 
part by a grant from the Pulitzer Center on 
Crisis Reporting, with logistical assistance 
from the nonprofit organizations the Upper 
Amazon Conservancy and ProPurts. 
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IN PERIL 


As contacts spike, critics fear that 
Brazil's once-vaunted protection of 
isolated tribes is crumbling 


By Heather Pringle, in Brasilia 


n a spacious, art-filled apartment in 
Brasilia, 75-year-old Sydney Possuelo 
takes a seat near a large portrait of his 
younger self. On the canvas, Possuelo 
stares with calm assurance from the 
stern of an Amazon riverboat, every 
bit the famous sertanista, or Amazon 
frontiersman, that he once was. But on 
this late February morning, that confi- 
dence is nowhere to be seen. Possuelo, now 
sporting a beard neatly trimmed for city life, 
seethes with anger over the dangers now 
threatening the Amazon’s isolated tribes- 
people. “These are the last few groups of hu- 
mans who are really free,’ he says. “But we 
will kill them” 

For decades, Possuelo 
worked for Brazil’s National 
Indian Foundation (FUNAD, 
the federal agency respon- 
sible for the country’s in- 
digenous peoples. In the 1970s 
and 1980s, he and other ser- 
tanistas made contact with 
isolated tribespeople so they 
could be moved off their land 
and into settlements. But 
Possuelo and others grew alarmed by the 
human toll. The newly contacted had no 
immunity to diseases carried by outsiders, 
and the flu virus, he recalls, “was like a 
suicide bomber,’ stealing into a village un- 
noticed. Among some groups, 50% to 90% 
died (see sidebar, p. 1084). In 1987, Possuelo 
and fellow sertanistas met to try to stop this 
devastation. 

In Brasilia, a futuristic city whose central 
urban footprint evokes the shape of an air- 
plane, the frontiersmen agreed that contact 
was inherently damaging to isolated tribes- 
people. They drew up a new action plan for 
FUNAI, based solidly on the principle of no 
contact unless groups faced extinction. They 
recommended mapping and legally recog- 
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“FUNAI is dead. 
But nobody told 


it, and nobody 
held a funeral.” 


Sydney Possuelo, 
retired FUNAI official 


nizing the territories of isolated groups, and 
keeping out loggers, miners, and settlers. 
If contact proved unavoidable, protecting 
tribespeople’s health should be top priority. 

The recommendations became FUNAI 
policy, and a model for other countries where 
isolated populations are emerging, such as 
neighboring Peru (see companion story, 
p. 1072). In remote regions, FUNAI has des- 
ignated a dozen “protection fronts’—official 
front lines in the battle to defend isolated 
groups, each dotted with one or more fron- 
tier bases to track tribes and sound the alarm 
when outsiders invade. In an interview in 
February, FUNAI’s interim president, Flavio 
Chiarelli, told Science that 
his agency is “doing great” 
at protecting the country’s 
isolated tribes. 

But some experts say that 
as the pace of economic activ- 
ity in the Amazon accelerates, 
the protection system that 
was once the envy of South 
America is falling apart. Bra- 
zil has the world’s seventh 
largest economy, with a gross 
domestic product in 2013 of $2.24 trillion. To 
fuel this vast economic engine, public and pri- 
vate enterprises are pushing deeper into the 
Amazon, constructing dams, transmission 
lines, mines, pipelines, and highways. Mean- 
while, drug smugglers cross isolated groups’ 
territories to transport Peruvian cocaine to 
Brazil, triggering attacks. “There’s no part of 
the Amazon that is not under some kind of 
pressure,” says anthropologist Barbara Arisi 
of the Federal University of Latin American 
Integration in Foz do Iguacu, Brazil. 

The rate of contact seems to be rising 
in both Brazil and Peru. Between 1987 and 
2013, FUNAI made contact with five isolated 
groups. But in the past 18 months alone, 
three groups initiated contact: the Xinane, 
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the Korubo, and the Awa Guaja. Physician 
Douglas Rodrigues of the Federal University 
of Sao Paulo, a public health specialist who 
works with indigenous tribes, worries that 
the recent flurry of contacts is just the be- 
ginning. “I fear that we are facing a ‘decade 
of contacts; ” he says. By many accounts, 
FUNAI—cash-strapped and under pressure 
from development interests—is not prepared. 


DURING THE DRY SEASON in the Ama- 
zon last summer, a handful of robust young 
men emerged from the forest along the En- 
vira River, near the Peru border. They wore 
thin belts around their waists, had their hair 
styled in a bowl cut, and carried 
long bows. They were from an 
isolated tribe that FUNAI calls 
the Xinane people, and accord- 
ing to what the tribespeople 
later told government interpret- 
ers, they had survived a violent 
attack by nonindigenous men 
along the Envira River in eastern 
Peru, a border region favored by 
cocaine smugglers. FUNAI had 
had a base nearby on the Xinane 
River, but abandoned it in 2011 
after heavily armed drug traf- 
fickers surrounded it. 

As the dry season progressed 
last summer, the Xinane moved 
eastward through the forest to 
a small indigenous settlement 
known as Simpatia, where at 
least 70 contacted Ashaninka 
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people lived. For several days, the young 
hunters watched and waited in the dense 
vegetation around the village, calling to one 
another with bird cries and animal sounds. 
The Ashaninka feared an attack. 

Then on 13 June, Simpatia’s schoolteacher 
radioed FUNAI for help. Four young Xinane 
men had entered the village, noted a later 
medical report, and taken machetes, metal 
pots, and clothing, the latter a potential 
source of disease transmission. Frightened, 
the Ashaninka hid in their houses. 

The Xinane were not unknown to FUNAI. 
Since 2008, researchers had been studying 
the group and tracking their movements 


Asettled Kayapo man receives rare eye care from a traveling charity. Many 
indigenous villagers in the Amazon receive scant medical care, and their lack 
threatens isolated people, too. 
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from FUNAI’s headquarters in a sleek glass 
office tower in Brasilia. Last February, seated 
at a large conference table there, Leonardo 
Lenin thumbed through photos taken by 
FUNAI field teams, which had found vestiges 
of Xinane camps since at least 2005. Dark- 
haired and intense, with an urgent way of 
speaking, Lenin is responsible for the FUNAI 
division that gathers data on Brazil’s isolated 
groups and tries to protect them. 

To date, Lenin explains, FUNAI has con- 
firmed the existence of 26 isolated groups 
in Brazil, with the greatest concentration 
located along the Peruvian border. The 
agency’s records suggest that up to 78 addi- 
tional groups may be in hiding 
or on the run. 

Gathering enough evidence 
to confirm a suspected group 
can take years, Lenin says. 
FUNAI researchers scour his- 
torical accounts and examine 
anthro-pological records on the 
languages and material culture 
of nearby contacted groups. They 
also compile a picture of nearby 
development projects and any 
illegal activities, such as the 
drug trafficking that threatened 
the Xinane. 

In the field, FUNAI work- 
ers interview local people and 
may send a team into the forest. 
Skirting areas likely to be sea- 
sonally occupied, the teams 
hunt for abandoned camps, 
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documenting huts and houses, as well as dis- 
carded tools and weapons, food remains, and 
raw materials. Team members are instructed 
to leave everything in situ, to win the trust 
of the isolated groups. “They will know that 
someone was there, but they will also know 
that it was a group that doesn’t want to harm 
them,” Lenin says. 

Back in the FUNAI offices, Lenin and his 
colleagues analyze the findings and begin 
mapping territories and estimating popu- 
lations. “It is an archaeology of the living,” 
Lenin says, adding that even small finds can 
disclose vital information. 

He holds up a photograph of a child’s 
reed toy, found in a hideout used by the 
Kawahiva, an isolated group in the state of 
Mato Grosso who are on the run from log- 
gers and farmers. “It was quite emotional to 
find this,’ Lenin says. Tribespeople who are 
constantly evading hostile outsiders often 
seem to stop having children, a sure path to 
extinction. The small woven toy, however, 
indicates that Kawahiva mothers have not 
yet reached that point. 

To monitor isolated populations over 
time, FUNAI researchers conduct regular 
flyovers, taking aerial photos of houses and 
fields, estimating populations, and noting 
hair styles and patterns of body paint. But 
flyovers are expensive, so researchers in- 
creasingly gather information from remote 
sensing imagery. 

For example, in a paper published in Royal 
Society Open Science in November 2014, sci- 
entists led by anthropologist Robert Walker 
of the University of Missouri, Columbia, used 
satellite images to survey isolated groups 
in Brazil. The researchers searched for 
thatched-roof houses and gardens along the 
Brazil-Peru border where FUNAI had con- 
firmed the existence of three isolated groups, 
including the Xinane, through fieldwork and 
overflights. They found at least five villages 
and calculated their areal extent. 

Using population estimates from FUNAI’s 
published data, they found that the isolated 
villages had far greater population densities 
than did the contacted villages—nine people 
per square hectare versus just 0.7 people in 
the contacted settlements. Isolated tribes- 
people may not clear spacious areas because 
they lack steel tools such as machetes and 
axes, Walker says—or because of pressure 
from hostile outsiders. “We need to track 
these populations over time,’ Walker says. 
“They are really fragile groups on the cusp 
of extinction.” 

FUNAI’s official policies are directed 
toward preventing rather than manag- 
ing contact, and neither the agency nor 
Brazil’s Ministry of Health has an official 
contingency plan for how to protect iso- 
lated people’s health should contact occur. 
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But contact was exactly what the Xinane 
seemed to be seeking. 


BACK IN SIMPATIA last June, the Ashaninka 
were growing increasingly anxious as the 
Xinane calls resounded through the forest. 
Finally, on 26 June, a small FUNAI team 
arrived to take charge of the situation, in- 
cluding José Carlos Meirelles, a retired ser- 
tanista who advised the state of Acre on 
indigenous affairs. The Ashaninka knew 
Meirelles well. The gaunt 66-year-old had 
supervised FUNAI’s protection front in the 
region for more than 2 decades and had set 
up the Xinane base. 

In all likelihood, the young Xinane men 
knew Meirelles, too. Anthropologists work- 
ing in recently settled communities have col- 
lected accounts showing that tribespeople 


The next day, however, the situation took 
a sudden turn for the worse. FUNAI team 
members noticed that some Xinane were 
coughing and looked ill. Alarmed, the field 
team informed FUNAI and Ministry of 
Health officials in Brasilia. 

An untreated disease can kill up to 90% 
of an isolated population, and such illnesses 
demand a fast response, Lenin says. “We're 
talking almost a process of extermination 
of a group,” he later told a public hearing in 
Brasilia on public policies and land conflicts 
concerning indigenous groups. 

But while FUNAI and Ministry of Health 
officials tried to organize and fly in a medical 
team, the Xinane melted back into the for- 
est, raising concerns that they would carry 
disease back to their home village. It was not 
until 6 July that the Ministry of Health flew 


Seeking safety in Brazil 


An isolated Xinane group (left) fled violent attacks by outsiders in Peru 
last year. Later, young tribesmen made peaceful contact with indigenous 


villagers across the border in Simpatia, Brazil. 


PERU 


carefully observed nonindigenous communi- 
ties before they made contact, for example 
learning people’s names. 

FUNAI researchers had deduced that 
the Xinane spoke a language in the Panoan 
family, likely a language closely related to 
Yaminawa. So Meirelles’s team included two 
Yaminawa interpreters. 

Three days after Meirelles arrived, seven 
Xinane appeared on the opposite river- 
bank with machetes, arrows, and one rifle 
in hand. Eventually some waded across the 
river, and this time the nervous Ashaninka 
welcomed them with bananas, coconuts, 
and clothing. The young Xinane men said 
that they had come from a village deep 
in the forest, where as many as 60 people 
lived. They spent several hours in Simpatia 
that day, walking about and occasionally 
pilfering goods. It was their first official 
contact with the Brazilian government. 
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in the first physician, Rodrigues. He man- 
aged to find and examine three tribesmen on 
8 July. Each had a fever and an acute respira- 
tory infection. Concerned about preventing 
secondary infections such as pneumonia, 
Rodrigues and a small team began treat- 
ing the Xinane with fluids, antibiotics, and 
drugs to lower their fevers. 

The FUNAI and Ministry of Health work- 
ers then located all seven Xinane and con- 
vinced them to move upriver with Rodrigues 
and colleagues to the abandoned Xinane 
base. There, the young men would be less 
likely to catch additional diseases or to re- 
turn to their home village while contagious. 

Eight days later, the Xinane had recov- 
ered fully. Through an interpreter, Rodrigues 
asked them to return to the base in a month 
with their families. On 26 July, 34 Xinane 
men, women, and children began trickling 
into the base to receive immunizations for 
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How to court an isolated tribe 


By Heather Pringle 


n June 1909, a Brazilian military engineer instructed his assistant, Severiano 
Godofredo d’Albuquerque, to tame and pacify the Nambikwara, an isolated group 
living in the path of a new telegraph line pushing into the upper Amazon River 
Basin in western Brazil. Albuquerque and his men followed a practice pioneered 
by missionaries: They set up an “attraction front,’ building a small frontier post in 
Nambikwara territory, planting a garden nearby, and allowing the tribe to raid the 
crops. As the sorties increased, Albuquerque began leaving out metal tools, too. 
Finally, in August 1910, when a Nambikwara chief appeared during daylight in the 
garden, Albuquerque made contact, embracing the chief and dressing him and six 
of his companions in European clothing. 
Nearly 60 years later, during a taped interview with American anthropologist 
David Price of Cornell University, an elderly Nambikwara described what happened 
next. Vitorino Nambikwara explained that his people initially traded woven orna- 
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Decades after being drawn into contact with outsiders, some Nambikwara still live in poverty. 


ments and manioc flour for the newcomers’ metal tools. But soon the men at the post 
demanded more. “When we asked for something, we had to work for it?” Nambikwara 
recalled. If he and others refused to do physical labor, they were cut off from the steel 
machetes, axes, and other metal goods that they had come to depend on. 

Such attraction fronts were an engine of sweeping cultural change. Brazilian 
missionaries used them to draw isolated, animistic societies out of the forest and 
into missions, where the people could be converted to Christianity. Government 
officials used the fronts early in the 20th century to transform traditional tribes- 
people into a settled workforce capable of building telegraph lines and roads in 
the Amazon’s harsh conditions. Many saw the policy as enlightened. 

But for indigenous groups, the attraction fronts were the beginning of disease and 
dependence. Government employees often hugged the tribespeople, ate with them, 
and gave them “clothes and hammocks,” says Antenor Vaz, a former senior official at 
FUNAI, the federal agency responsible for Brazil’s indigenous peoples. In doing so, 
they also shared their pathogens, to which the newly contacted had no immunity. 

The Nambikwara, for example, suffered devastating losses. Price estimated that 
the group numbered some 5000 people at the beginning of the 20th century. By 
1969, that number had plummeted to 550, according to a census he conducted, 
and by 2010 the count was still only 1950, according to a census by Brazil’s 
National Health Foundation. 

In the wake of such repeated tragedies, FUNAI frontiersmen helped convince the 
Brazilian government to abandon attraction fronts and adopt a no-contact policy in 
1988 (see main story, p. 1080). Today, anthropologists consider the fronts a shameful 
chapter in Brazil’s history. “It was a mess,” says anthropologist Cristhian Teofilo da 
Silva of the University of Brasilia. “And it has been proven to be genocide.” & 
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influenza, chickenpox, and other infectious 
diseases. Today, Lenin reports, the Xinane 
are doing well and the Xinane base remains 
open. “They know that if there is any situa- 
tion of health or territorial invasion, the team 
is there to help them,” he says. 

So far, contact has not meant death for the 
Xinane. But some observers think that last 
summer’s achievement was mostly a mat- 
ter of luck. In an online report, physician 
Rodrigues notes that the virus contracted by 
the Xinane happened to be relatively mild, 
possibly a rhinovirus or adenovirus; a more 
serious virus such as influenza might have 
killed many. And some critics think FUNAI 
and the Ministry of Health moved much 
too slowly when disease broke out. The Xi- 
nane, Arisi says, “did not receive prompt and 
proper emergency treatment.” 

In light of these experiences, Rodrigues 
thinks that FUNAI and the Ministry of 
Health need contingency plans that can be 
activated immediately, with specially trained 
health teams and stockpiles of vaccines and 
medicines available on short notice, as well 
as helicopters to ferry them to inaccessible 
corners of the Amazon. He adds that the 
Brazilian government needs to provide bet- 
ter health care in remote indigenous villages 
such as Simpatia, to help the villagers as well 
as to reduce the likelihood of disease trans- 
mission to isolated groups. 

Lenin himself conceded last August in the 
public hearing in Brasilia that more funds 
and planning are required to protect iso- 
lated groups. “Now, our concern is to have 
... teams ready to make this work in relation 
to health,” Lenin said. “Either we, in fact, do 
a competent, skilled intervention, or we will 
be talking about repeating the histories of 
contacts, where the mortality of indigenous 
groups was very high.” 


SITTING INA shady tropical garden in one 
of Brasilia’s middle-class neighborhoods, 
Antenor Vaz frowns as he considers the 
tale of the Xinane. A crisp, precise man in 
his 60s who once trained as a physicist, Vaz 
is the person who systematized FUNAI’s 
procedures for protecting isolated people 
after the agency moved to a no-contact 
policy in 1988. Since leaving the agency in 
2013, Vaz has monitored and critiqued its 
activities, hunting down obscure FUNAI 
reports and presentations online and pub- 
lishing his findings. 

FUNAL, he says, lacks the funds and hu- 
man resources it needs. In 2014, the Brazil- 
ian government approved just 2.77 million 
reais ($1.15 million) for finding and protect- 
ing isolated groups, 20% of what FUNAI 
requested; this year, the government again 
provisionally approved 2.77 million reais, 
less than 15% of the amount FUNAI re- 
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This sawmill, on.a cleared patch 
of Amazon forest in Brazil, trades 
in wood taken illegally from.an 
indigenous reserve. 


quested, according to documents presented 
at the 2014 public hearing. 

FUNAI officials stated in 2014 that they 
needed 30 staffed frontier posts, each out- 
fitted with communications equipment and 
transportation. But according to a docu- 
ment presented at the hearing, they had just 
15 posts operating in 2014, suggesting that 
their front lines are operating at half strength. 

Vaz notes that most of FUNAI’s protection 
fronts now lack the specialized field teams 
needed to find isolated groups and map ter- 
ritories. At the 2014 public hearing, FUNAI 
officials reported that they needed 14 special- 
ized field teams; at present the agency has 
two. Vaz is furious. “Why do we have protec- 
tion bases being closed?” he asks. “Why are 
there protection fronts that are no longer 
able to implement the procedures for protec- 
tion? There is something wrong.” 

He thinks the problem boils down to 
a highly coveted commodity in Brazil 
today: land. The data gath- 
ered by FUNAT’s specialist field 
teams lay the groundwork for 
legally demarcating land for 
the sole use of isolated indig- 
enous groups. Once the land is 
protected, the Brazilian govern- 
ment can no longer auction it 
off to public and private devel- 
opment enterprises. 

Vaz digs out a chart published 
by the Brazilian nonprofit Po- 
vos Indigenas no Brasil, which 
itemizes indigenous land de- 
marcation over the past 2 de- 
cades. Between 1995 and 2002, 
the government of Fernando 
Henrique Cardoso demarcated 
and ratified 118 applications for 
indigenous land. From 2003 to 
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2010, Luiz Inacio Lula da Silva’s government 
ratified another 81 applications. But from 
2011 to 2015, Dilma Rousseff’s government 
ratified just 11 applications, and only one 
since 2013; that application was signed on 29 
May 2015. Several demarcation documents 
“are sitting on the desk of the minister of jus- 
tice, and he is not signing them,” Vaz says. 

Vaz contends that the current government 
is demarcating very little land for indigenous 
groups and has largely abandoned its re- 
sponsibilities to them, placing their lives in 
danger, primarily because it “sees the Indians 
as hampering the agricultural business, ham- 
pering the expansion of mining, and hamper- 
ing the extraction of natural resources.” 

Joao Paulo Gomes, a representative for the 
Secretariat for Social Communication of the 
Presidency of Brazil, does not dispute Vaz’s 
numbers. “It is natural that the number of de- 
marcations should decrease over time as the 
demand for them is met,’ he wrote by e-mail. 


Indigenous leaders gathered at Brazil’s National Congress in Brasilia in April, 
demanding more land for isolated tribes and settled communities. 
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Most of the indigenous lands now awaiting 
ratification, he adds, “are concentrated in the 
center-south and northeast regions of Brazil,” 
where there is still major social conflict over 
the demarcation of indigenous lands. 

Gomes also dismisses charges that Presi- 
dent Rousseff and her government favor 
economic development on the territories 
of isolated tribes. The Ministry of Justice 
is now using legal mediation measures to 
resolve disputes over land between indig- 
enous communities and rural producers, he 
says. The government “is keenly interested 
in bringing the conflicts in indigenous 
lands to an end,” he says. 

In his sunlit apartment, Sydney Possuelo 
agrees with Vaz’s contention that the current 
government has reneged on its responsibili- 
ties to isolated peoples. The legendary pro- 
tection system that Possuelo helped build is 
crumbling, as abandoned protection bases 
molder in the forest. The once efficient sys- 
tem of radio communication 
between FUNAI riverboats and 
bases is falling apart. The iso- 
lated people who once preserved 
traditional knowledge of Amazo- 
nian plants as well as a rich di- 
versity of cultures and languages 
face new threats. And in their 
glass towers in Brasilia, federal 
officials are veering dangerously 
close to repeating the mistakes 
of the past, Possuelo says. 

“FUNAT is dead,” he says. “But 
nobody told it, and nobody held 
a funeral.” & 


Reporting for these stories was 
supported in part by a grant 
from the Pulitzer Center on 
Crisis Reporting. 
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Invisible 
barriers to 
dispersal 


Physiological properties 
constrain future 

range expansions of 
marine organisms 


By Joan Kleypas 


limate change is causing organisms 

to migrate into new geographic ar- 

eas, with most organisms tracking the 

movement of suitable temperatures 

poleward (1). The movements appear 

to be more rapid for marine than for 
terrestrial fauna (2), perhaps because marine 
organisms have fewer barriers to dispersal 
(3), but many marine organisms do encoun- 
ter barriers that inhibit their ability to colo- 
nize new habitats. On page 1135 of this issue, 
Muir et al. (4) show that low wintertime irra- 
diance limits the poleward expansion of stag- 
horn corals. On page 1132, Deutsch et al. (5) 
identify another barrier to marine species: 
the ratio of oxygen supply and metabolic de- 
mand, which determines in which parts of 
the ocean fish and invertebrates have enough 
oxygen to support their metabolic needs. 
These two studies remind us that climate 
change will reshape marine species habitats 
but not necessarily expand them. 

Some barriers to range expansions are es- 
sentially static with respect to climate change 
(see the figure, panel A). For organisms that 
depend on photosynthesis, light availability 
is one of those barriers. The amount of solar 


Climate and Global Dynamics, National Center for 
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Warmer but dimmer. Acroporid corals, such as staghorn (foreground) and elkhorn (background) corals in the Florida 
Keys, thrive in warm well-lit waters. As ocean temperatures increase, they may be able to colonize at higher and higher 
latitudes but as they do so, the depth of wintertime light penetration will limit them to progressively shallower waters. 

Many marine species will encounter similar barriers as their habitats are reshaped by changes in temperature, oxygen, 


nutrients and other ocean properties. 
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Invisible barriers. Muir et al. show that even though higher water temperatures will allow corals to colonize higher 
latitudes, low wintertime light levels will restrict them to progressively shallower depths (A). Furthermore, Deutsch 
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temperature and decreases in O, concentrations, the metabolic boundary of the species (where ® = ®,,) is shifted 
poleward. Both panels are conceptual and should not be used to extract numerical values. 


irradiance reaching the ocean surface and its 
attenuation with depth are not expected to 
change much with changes in climate. Reef- 
building corals, such as the staghorn corals 
studied by Muir et al., depend on photosyn- 
thetic symbionts, limiting them to depths 
with sufficient levels of photosynthetically 
available radiation (PAR) throughout the 
year. Near the equator, this depth is typically 
around 25 to 30 m. Outside the tropics, it 
shallows by about 0.6 m per degree latitude, 
and so do the depths at which these corals 
are found. Muir et al. show that as reef- 
building corals settle at higher and higher 
latitudes in response to warming tempera- 
tures (6-10), they will eventually be confined 
to waters too shallow to support growth. 
Low PAR also appears to similarly limit the 
poleward expansions of other benthic photo- 
synthesizers (11). 

Other barriers to range extensions are 
dynamic (see the figure, panel B). Although 
rising temperature can lower barriers to 
poleward dispersal, such as minimum tem- 
perature limits, it also raises others. Warmer 
waters hold less oxygen, and warming at the 
ocean surface increases stratification, which 
leads to less oxygen at depth. At the same 
time, the metabolic oxygen demand of or- 
ganisms increases with rising temperature. 
Using physiological data for various fish and 
invertebrate species, Deutsch et al. apply an 
energetics approach to determine how these 
changes affect the habitable space of several 
marine species. They define a metabolic in- 
dex ®, which is the ratio of O, supply and 
metabolic O, demand, and thus captures the 
minimal physiological requirements for sur- 
vival. ®,, is the sum of ® and the additional 
energy required for key ecological activities. 
For the species studied, ©,,, ranged from 2 to 
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5, suggesting that species are limited to envi- 
ronments where they can sustain metabolic 
rates that are 2 to 5 times their resting rates. 
These values are quite close to those for ter- 
restrial organisms and may thus reflect ba- 
sic metabolic requirements of organisms. 
Deutsch et al. find that if climate change 
proceeds along its current path, the habitats 
for the species they studied will contract by 
~20% by the end of this century. 

Both studies highlight little-recognized 
barriers to future range expansions in the 
oceans. Each is based on physiological limi- 
tations of marine organisms that are quanti- 
fiable and thus increase our ability to predict 
species habitats into the future. More diffi- 
cult to quantify are the consequences of cli- 
mate change on species interactions, which 
will reshape marine communities and the 
ranges of their species in complex nonlinear 
ways (12). Thus, although studies such as 
Muir et al. and Deutsch et al. increase scien- 
tists’ confidence to pencil in the lines around 
future species distributions, we still need to 
keep the erasers handy. @ 
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FRICTION 


Slippery 
when dry 


Stiff nanodiamond particles 
encapsulated in graphene 
can substantially reduce 
friction for water-free 
macroscopic surfaces 


By James Hone! and Robert W. Carpick” 


riction and wear account for massive 
amounts of wasted energy annually 
(estimates run in the hundreds of bil- 
lions of dollars in the United States), 
in addition to unwanted and even un- 
safe failures of vehicles, machines, and 
devices (7). For example, nearly one-third of 
a vehicle’s fuel energy is spent on overcom- 
ing engine, transmission, and tire friction 
(2). Engineers have devised many ways to 
reduce and control friction and wear, but 
it remains unknown whether superlubric- 
ity—the reduction of friction forces to nearly 
immeasurable levels—can be achieved with 
practical materials. On page 1118 of this 
issue, Berman et al. (3) describe an approach 
that combines the advantages of two nano- 
materials with very different mechanical 
properties—stiff nanodiamonds and bend- 
able graphene—to achieve apparent superlu- 
bricity on the macroscopic scale. 
Superlubricity has been observed for a 
range of materials including practical amor- 
phous diamondlike carbon (DLC) coatings 
(4). However, most reports describe very 
well-controlled nanoscale contacts or spe- 
cific experimental conditions (e.g., ultra- 
smooth surfaces) for limited durations with 
coatings that must be applied with advanced 
thin-film deposition methods. Graphene’s 
distinctive properties make it a promising 
material in the search for practical superlu- 
bricity. It is extremely rigid in-plane and is 
not likely to form bonds with other materi- 
als it contacts, which suggests that it should 
shear across itself (or other materials) with 
ease. Indeed, graphite flakes work as a lu- 
bricant for this primary reason, and isolated 
domains of single graphene on substrates 
have been shown to exhibit order-of-mag- 
nitude reductions in friction relative to the 
surrounding substrate (5). 
Graphene’s surface is crystalline, which 
allows it to achieve a condition known as 
“structural lubricity,’ a type of superlubric- 
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ity in which surfaces with different 
atomic lattices are incommensurate, 
like egg cartons for different-sized 
eggs. The potential energy between 
the two surfaces is almost completely 
independent of position, so that the 
two surfaces never lock together and 
slide easily. Previous investigations, 
first in nanoscale contacts (6) and 
more recently on the scale of 1 um 
(7), showed that superlubricity can 
exist between misaligned graphitic 
surfaces. In addition, concentric car- 
bon nanotubes, in which the inner 
and outer shells are by nature in- 
commensurate, have been shown to 
exhibit ultralow friction arising from 
structural lubricity up to lengths of 
centimeters (8). 

Large-area graphene sheets (grown 
by chemical vapor deposition) and 
liquid suspensions of micrometer- 
scale graphene flakes have both been 
investigated for their potential as tri- 
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cilitated both by the dangling bonds 
on the diamond surface and defects 
in the solution-produced graphene, 
such as those at the edges of the 
isolated graphene particles. The gra- 
phene then rolls around the diamond 
to make spheres ~10 nm in diameter. 
These spheres are nearly rigid, pro- 
viding mechanical stability. Further- 
more, the ordered surface provides 
an incommensurate atomic contact 
with the DLC-coated sphere, leading 
to superlubricity from the structural 
mismatch. 

Unfortunately, water interrupts 


oa. 
e= 


bological coatings. However, initial 
studies have so far not shown great 
promise, likely because single-layer 
graphene weakly adheres to surfaces 
and easily delaminates (9, 10). Re- 
cently, graphene flakes deposited in 
suspension on steel were shown to 
be durable across a range of environ- 
ments, but the friction coefficient of 
~0.15 to 0.2 was not as low as can 
be achieved with graphite. Another 
complication is that the low friction 
seen for few-layer graphene at the 
nanoscale deformation actually goes 
up, by nearly 50%, as the number of 
layers reduces to one, because the thinner 
the sheet, the greater its ability to flex and 
wrap around an asperity to increase contact 
area and friction (11). 

Motivated by the potential for superlu- 
bricity between the incommensurate lattices 
of DLC and graphene, Berman e¢ al. explored 
the frictional properties of SiO, coated with 
graphene flakes deposited from liquid sus- 
pension, against a large (1 cm) steel ball 
coated with DLC. However, the friction coef- 
ficient was well above the regime of super- 
lubricity. In examining the wear tracks from 
these experiments, they observed that the 
graphene had delaminated from the surface 
and rolled up into “nanoscrolls,” similar to 
previously observed fullerene “onions” and 
consistent with the ease with which gra- 
phene, given its thinness, can flex, bend, and 
roll up. 
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this rolling process by increasing ad- 
hesion of the graphene to the surface 
and by stabilizing defective sites in 
the graphene that provide bonding 
to the nanodiamond. Still, achiev- 
ing such low friction for sustained 
times under macroscopic conditions, 
where roughness, _ irregularities, 
and high local stresses at nanoscale 
contact points could easily trigger 
failure of such thin coatings, is sur- 
prising and promising. Moreover, the 
solution-based deposition methods 
are relatively simple. Taken together, 
these findings suggest that practical 
coatings that take advantage of gra- 
phene’s remarkable properties may 


meld 


Squeeze wrap. Berman et al. found that huge reductions in macroscopic 
friction (“superlubricity”) were achieved where nanodiamonds slid 
against graphene. The nanodiamonds bonded to graphene nanoplatelets 
and became wrapped in them, allowing them to slide easily through 
incommensurate surface effects. 


Berman et al. recognized that such nano- 
scrolls might in themselves be quite useful as 
an antifriction coating if it were not for their 
easy deformability under pressure. Thus, 
they added nanodiamond particles, 3 to 5 
nm in diameter, to the graphene suspension 
as a way to mechanically stabilize the nano- 
scrolls. The frictional coefficient was initially 
similar to that achieved with graphene only, 
but upon repeated cycling, the coefficient 
of friction dramatically decreased to 0.004. 
This reduction was not observed with either 
the graphene or nanodiamond alone, and 
was also only seen in a dry environment— 
the friction coefficient was nearly 100 times 
greater in high humidity. 

Investigations by Raman _ spectroscopy, 
transmission electron microscopy, and de- 
tailed molecular dynamics simulations 
enabled Berman et al. to describe the pro- 
cess by which superlubricity is achieved. 
First, sliding of the nanodiamonds across 
the graphene platelets induces bonding be- 
tween the graphene nanoplatelets and the 
diamond (see the figure). This process is fa- 
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be practically attainable. 

Although more work is needed to 
fully verify the hypotheses behind the 
remarkable observations, the results 
of Berman e¢ al. are intriguing for 
many reasons. Other combinations 
of two-dimensional materials (such 
as molybdenum disulfide) with other types 
of nanoparticles may prove more tolerant of 
water, or could open up their use as additives 
in lubricant fluids to reduce the large and 
undesirable amount of friction in vehicles. 
The potential for reduced energy consump- 
tion renders the result important in itself, 
and worthy of inspiring further studies that 
build upon it. m 
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Controlling friction atom by atom 


A cold-atom system is used to probe atomic friction on the scale of single atoms 


By Ernst Meyer 


riction is a phenomenon of great tech- 

nological relevance. The empirical 

laws of friction date back to the inves- 

tigations of Leonardo da Vinci (1452 to 

1519) and Guillaume Amontons (1663 

to 1705). Thus, we have known for a 
long time that friction is proportional to the 
force normal to a surface and independent 
of the geometrical contact area. We also 
know that friction is one of major sources 
of energy loss, whereby a large amount 
of energy is dissipated into heat. In some 
cases, suitable surface preparation can lead 
to superlubricity, which corresponds to a 
state with extremely low frictional forces, 
where energy dissipation is at a minimum 
(1). On page 1115 of this issue, Bylinskii et al. 
(2) describe a cold-atom system that takes 
us to the ultimate limit of friction. They 
show that a defined number of ions, from 
one to six, can be moved across an optical 
lattice to study the elementary processes of 
atomic friction. 

The mechanism behind superlubricity 
has remained unknown so far. It is pos- 
sible that the surface chemistry—for ex- 
ample, coverage with thin molecular layers 
or structural properties of the interface— 
might play an important role. Although the 
Frenkel-Kontorova (FK model) (3, 4) pre- 
dicts that two incommensurate crystals (5) 
might lead to superlubric conditions, little 
is known about the influence of the atomic 
structure of the sliding interfaces under real 
experimental conditions. This subject has 
become the focus of fundamental research, 
where a number of modern experimental 
setups, such as quartz microbalance, surface 
force apparatus, or atomic force microscopy, 
were applied and advanced models were de- 
veloped to unveil the secrets of the funda- 
mental processes of friction (6). 

The technique presented by Bylinskii et al. 
uses a small number of ions trapped to form 
an ion crystal in a linear Paul trap (see the 
figure). This ionic crystal is then positioned 
close to a periodic optical lattice, and can 
be pulled across the periodic lattice, analo- 
gous to pulling a sledge across the ground. 
In contrast to the macroscopic sledge, how- 
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ever, the authors have full control over the 
number of ions in the trap, which they var- 
ied between one and six. A stick-slip motion 
was observed for the commensurate cases, 
where the ions stick in the valleys of the 
periodic lattice until the applied force is 
large enough for the ions to slide together 
to the next valley. When the degree of com- 
mensurability was reduced, a transition to 
smooth sliding, or superlubricity, was seen. 
In this case, the ions move asynchronously, 
and the overall frictional force is drastically 


The experiments by Bylinskii et al. have 
shown that atomic friction can be con- 
trolled by the use of ion traps. The relevant 
parameters, such as the number of atoms in 
contact and the periodicities of the slider 
and the surface, are determined, and subse- 
quently the effects of commensurability can 
be controlled with high accuracy. The limits 
of the experiments are the pure one-dimen- 
sional character and the quite artificial way 
to create physical interactions with optical 
lattices, which is rather far removed from 


lon crystal in linear Paul trap 


Optical lattice 


The atomic friction simulator. An ion crystal confined in a linear Paul trap is moved across a periodic optical lattice. 
Friction is found to depend strongly on the commensurability of these two lattices, even for systems with only two to 
six ions included in the trap. 


reduced. From the FK model, the transition 
from stick-slip to smooth sliding is expected 
for the incommensurate case. However, the 
FK model was developed for a crystal of in- 
finite size, and it was expected that small 
crystals might show a different behavior. 
Therefore, it is surprising that such a drastic 
reduction of friction in the incommensurate 
case compared to the commensurate case 
(by a factor of 10 for two ions to 100 for six 
ions) is observable with only a few atoms. 

The present experimental setup is a versa- 
tile atomic friction simulator, which allows 
the experimentalist to control the number 
of atoms, the interaction strength, and the 
degree of commensurability between ion 
lattice and optical lattice. Although the 
temperature of the ions was only in the 
sub-millikelvin regime, it was observed that 
thermal excitation plays an appreciable role. 
Comparison with simulations showed that 
a model without thermal excitation would 
lead to discrepancies, which validates the 
thermal lubricity model introduced by Kry- 
lov and Frenken (7). 
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the world of material science. However, the 
experiments have shown that the concept of 
commensurability can be realized with only 
a few atoms. Future experiments may fur- 
ther elucidate the fundamental processes of 
friction. Possibly, novel regimes may be ex- 
plored, where quantum-mechanical tunnel- 
ing becomes important, and the fascinating 
world of quantum mechanics comes into 
reach. 
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The rise of the social algorithm 


Does content curation by Facebook introduce ideological bias? 


By David Lazer’? 


umanity is in the early stages of the 

rise of social algorithms: programs 

that size us up, evaluate what we 
want, and provide a customized ex- 
perience. This quiet but epic para- 

digm shift is fraught with social and 

policy implications. The evolution of Google 
exemplifies this shift. It began as a simple 
deterministic ranking system based on the 
linkage structure among Web sites—the 
model of algorithmic Fordism, where any 
color was fine as long as it was black (J). 
The current Google is a very different prod- 
uct, personalizing results (2) on the basis of 
information about past searches and other 
contextual information, like location. On 
page 1130 of this issue, Bakshy et al. (3) ex- 
plore whether such personalized curation 
on Facebook prevents users from accessing 
posts presenting conflicting political views. 
The rise of the social algorithm is rather 
less transparent than the post-Model T 
choice in automobiles. Today’s social algo- 
rithms are so complex that no single person 
can fully understand them. It is illustrative 
in this regard to consider that Bakshy et 
al. are Facebook researchers studying the 
impact of Facebook algorithms. You might 
imagine that they could just go into the 
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next building and look directly at the code. 
However, looking at the algorithms will not 
yield much insight, because the interplay 
of social algorithms and behaviors yields 
patterns that are fundamentally emergent. 
These patterns cannot be gleaned from 
reading code. 

Social algorithms are often quite helpful; 
when searching for pizza in Peoria, it helps 
not to get results about Famous Ray’s in 
Manhattan. However, personalization might 
not be so benign in other contexts, raising 
questions about equity, justice, and democ- 
racy. Bakshy et al. focus on the last, asking 
whether the curation of news feeds by Face- 
book undermines the role that Facebook 
plays as a forum for public deliberation. 

For the Facebook-uninitiated, much of the 
activity of Facebook is in the form of news 
that users post to their feed, which their 
friends have some access to and can like and 
comment on. When you open Facebook, you 
see a list of recent posts by friends; however, 
you typically will not see all posts, which 
are algorithmically sorted. The rationale for 
such curation is that in its absence, users 
would be deluged by uninteresting content 
from their friends. Facebook tries to pick 
out the gems from the detritus, anticipating 
what you will like and click on. But what are 
we missing? And are these computational 
choices troubling? 

There are many facets to these questions, 
but one important one is how this curation 
affects Facebook as a deliberative sphere re- 
garding public issues. Habermas (4) wrote 
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of the role of the Parisian salons in the 19th 
century in offering a public space for such 
deliberations. The salons enabled intense 
conversation, with leakage across conver- 
sations creating a broader, systemic dis- 
cussion. Facebook has many of these same 
qualities, and the issue is whether the cura- 
tion process accentuates or undermines the 
quality of deliberation. 

The specific deliberative issue that Bak- 
shy et al. examine is whether Facebook’s 
curation of news feeds prevents the inter- 
section of conflicting points of view. That is, 
does a “filter bubble” emerge from this algo- 
rithmic curation process, so that individuals 
only see posts that they agree with (5)? Such 
an algorithmic sorting has the potential to 
be unhealthy for our democracy, fostering 
polarization and undermining the construc- 
tion of a vision of the common good. 

Their answer, after parsing the Facebook 
pages of ~10 million U.S. individuals with 
self-declared ideologies, is that the curation 
does ideologically filter what we see. How- 
ever, this effect is modest relative to choices 
people make that filter information, includ- 
ing who their friends are and what they 
choose to read given the curation. The de- 
liberative sky is not yet falling, but the skies 
are not completely clear either. 

This is an important finding and one 
that requires continued vigilance. A small 
effect today might become a large effect 
tomorrow, depending on changes in the 
algorithms and human behavior. Ironically, 
these findings suggest that if Facebook in- 
corporated ideology into the features that 
the algorithms pay attention to, it would 
improve engagement with content by re- 
moving dissonant ideological content. It 
is also notable, for example, that Facebook 
announced April 21st—well after the analy- 
sis conducted in this paper—three ma- 
jor changes to the curation of newsfeeds. 
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These changes had benign objectives, such 
as ensuring that one sees updates from “the 
friends you care about” (6). It is plausible, 
however, that friends that Facebook infers 
you to care about also tend to be more ideo- 
logically aligned with you as well, accentu- 
ating the filtering effect. Furthermore, the 
impact of curation on other dimensions of 
deliberative quality on Facebook remains 
to be examined. Open questions include 
whether the curation privileges some voices 
over others, and whether certain types of 
subjects are highlighted by the curation in 
a way that systematically undermines dis- 
cussions of the issues of the day (pets over 
politics). 

The impacts of social algorithms are a 
subject with rich scientific possibilities, not 
least because of the enormous data streams 
captured by these socio-technical systems 
(7). It is not possible to determine defini- 
tively whether Facebook encourages or 
hinders political discussion across partisan 
divides relative to a pre-Facebook world, be- 
cause we do not have nearly the same qual- 
ity or quantity of data for the pre-Facebook 
world. The existence of Facebook, Twitter, 
etc., should be a boon to the study of politi- 
cal deliberation, because it is now possible 
to study these systems at a societal scale. 

Important normative implications will 
follow from a clearer understanding of 
these systems. For example, a recent paper 
on price discrimination and steering that I 
coauthored (8) revealed that people some- 
times get different prices and different 
products prioritized on e-commerce sites. 
This work has spurred substantial public 
discourse, as well as discussions with Eu- 
ropean Union regulators. Research such as 
that of Bakshy et al. has similar potential 
to inform a vigorous debate about the role 
that social media play in our society. 

It is laudable that Facebook supported 
this research (3) and has invested in the 
public good of general scientific knowl- 
edge. Indeed, the information age hege- 
mons should proactively support research 
on the ethical implications of the systems 
that they build. Facebook deserves great 
credit for building a talented research 
group and for conducting this research in a 
public way. But there is a broader need for 
scientists to study these systems in a man- 
ner that is independent of the Facebooks 
of the world. There will be a need at times 
to speak truth to power, for knowledgeable 
individuals with appropriate data and ana- 
lytic skills to act as social critics of this new 
social order (9). 

And although these systems are perme- 
able and offer some entry points for study, 
this permeability is revocable and arguably 
decreasing. Facebook, for example, allows 
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some access to user data via applications 
within the Facebook ecosystem. The rela- 
tively broad access creates the risk of third 
parties siphoning off large amounts of data 
from users, but has also allowed research- 
ers to collect data to study Facebook. 

The amount of data that can be collected 
via this route was sharply reduced on 30 
April 2015 (0), with benefits to privacy, but 
undercutting independent research. This 
creates the risk that the only people who 
can study Facebook are researchers at Face- 
book—an unhealthy weighting of the dice 
of scientific exploration. 

The fact that human lives are regulated 
by code is hardly a new phenomenon. Or- 
ganizations run on their own algorithms, 
called standard operating procedures. And 
anyone who has been told that “it’s a rule” 
knows that social rules can be as automatic 
and thoughtless as any algorithm. Our 
friends generally are a lot like us (77) and 
news media have always had to choose to 
pay attention to some stories and not oth- 
ers, in part based on financial and cultural 
imperatives (12, 13). Social and organiza- 
tional codes have always resulted in filter 
bubbles. However, every system of rules 
and every filtering process has potentially 
quite different dynamics and normative 
implications. Therein lies the most impor- 
tant lesson of Bakshy et al’s report: the 
need to create a new field around the social 
algorithm, which examines the interplay of 
social and computational code. & 
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CELL BIOLOGY 


Centrioles, 
in absentia 


What is the link between 
centrioles and cell 
proliferation? 


By Tim Stearns 


he centriole is one of the organelles 
that defines eukaryotes. It was pres- 
ent in the last universal common 
eukaryotic ancestor (7), and persists 
in all major branches of the eukary- 
otic tree. The centriole nucleates the 
cilium, which is involved in sensory signal- 
ing and in cell motility. In animal cells, the 
centriole is also the hub of the centrosome, 
an accumulation of microtubule-nucleating 
and -organizing proteins that determine the 
spatial arrangement of the microtubule cy- 
toskeleton. Duplication and segregation of 
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i a. 
Ninefold symmetric structure. Electron micrograph 
shows two centrioles in cross section (lower left) and 
longitudinal section (upper right). 


the centrioles are strictly controlled such 
that each cell begins the cell division cycle 
with a single pair of centrioles, which du- 
plicate only once and are then segregated 
on the poles of the mitotic spindle (2). On 
page 1155 of this issue, Wong et al. (3) de- 
scribe a small-molecule inhibitor of centri- 
ole duplication that allowed them to probe 
the effects of centriole loss. Surprisingly, it 
appears that some cancer cells can prolifer- 
ate indefinitely without centrioles, whereas 
normal cells cannot. 
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Centrioles are made of tu- 
bulins, and their characteristic 
ninefold symmetric structure is 
unique to eukaryotes (see both 
figures). The beginnings of a 
molecular basis for this struc- 
ture are now known (4), but 
the evolutionary origin of the 
centriole is still unclear. The 
presence of a pair of centrioles 
at each mitotic spindle pole in 
many organisms has strongly 
influenced thought about spin- 
dle mechanisms. In this regard, 
the natural events leading to 
loss of the centrioles during evo- 
lution are particularly interest- 
ing: Centrioles are absent from 
higher plants but present in 
many lower plants, which have 
gametes that swim by ciliary 
motility. Similarly, they are ab- 
sent from higher fungi but pres- 
ent in the basal chytrid fungi, 
which have swimming zoo- 
spores. In each case, lack of the 
centriole is accompanied by loss 
of the cilium that grows from it. Presumably, 
the signaling and motility functions of the 
cilium can be dispensed with when, as in 
the higher plants, gametes can be distrib- 
uted by wind and animals, and a different 
set of cilium-independent signaling path- 
ways predominates. Even within animals, 
which universally have centrioles and cilia, 
the centriole is lost from the female gamete 
during meiosis, to be reintroduced in most 
cases by the sperm cell. 

Centrioles in animals would seem to 
be critical for the formation of a cilium, 
but what of the other suspected functions 
in microtubule organization and mitotic 
spindle formation? This question has led 
to attempted elimination of centrioles in 
animal cells or in entire organisms to as- 
sess the resulting phenotype. Other studies 
have sought to increase centriole number 
to mimic the situation observed in many 
cancer cells (5). 

Methods of centriole elimination have 
included direct manipulation of cells with 
a glass microneedle (6), ablation of one or 
both centrioles with a laser (7), and muta- 
tion or inhibition of genes essential for 
centriole formation (8-10). In organisms 
that normally have centrioles, their loss 
eliminates the ability to make a cilium, with 
the known organismal consequences that 
are largely based on the cilium’s sensory 
functions. However, many other aspects of 
cell function still occur. Spindles form and 
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Exalted status. Centrioles are found in organisms in all branches of the eukaryotic 
tree, They organize microtubules in the cilium and in the mitotic spindle. Centrioles are 
linked to cell proliferation, but the mechanism is unclear. 


chromosomes segregate, albeit with lower 
fidelity. In Drosophila melanogaster, flies 
in which centrioles are removed genetically, 
after the early embryonic divisions, develop 
relatively normally, but die soon after hatch- 
ing due to sensory cilia defects (8). In mice, 
the primary cilium is required for early em- 
bryonic development, but genetic loss of the 
centrioles led to a phenotype distinct from 
cilium dysfunction, in which acentriolar 
cells underwent an apoptotic cell death de- 
pendent on p53, a cellular stress sensor (9). 
This was a strong hint that at least in the 
context of mammalian development, acent- 
riolar cells are somehow defective. 

In all of the previous centriole-loss exper- 
iments, the effect of loss is confounded by 
de novo formation of new centrioles (after 
physical removal), or in the case of genetic 
manipulation, by the relatively long time 
over which the effect is brought to bear, and 
the irreversible nature of the change. Com- 
pensatory changes also take effect over time 
(11). Wong et al. address these problems by 
identifying a potent inhibitor of Polo-like 
kinase 4 (PIk4), a protein kinase that is es- 
sential for centriole duplication. The com- 
pound was identified by starting with a 
molecule that could inhibit several kinases, 
including Plk4. Modeling was used to make 
modifications to the small molecule, paired 
with avery specific biological assay measur- 
ing inhibition of centriole duplication. The 
final compound, called centrinone, is highly 
selective for Plk4 and causes loss of centri- 
oles by failure of centriole duplication, as 
expected for Plk4 inhibition. The effect was 
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fully reversible, such that 10 
days after removing centrinone, 
centriole number returned to 
normal. Many cancer cell lines 
have an increase in centriole 
number. Remarkably, removal 
of centrioles by centrinone in 
such cells, followed by washout 
and reestablishment of centri- 
ole equilibrium, yielded cells 
with essentially the same centri- 
ole number as that of the paren- 
tal cells, suggesting that some 
form of homeostasis exists even 
in cells with a defective number 
of centrioles. 

The most important differ- 
ence between the study of Wong 
et al. and previous cell culture 
experiments on centriole loss 
is that centrinone-treated cells 
undergo a permanent p53-de- 
pendent arrest in the G, phase 
of the cell division cycle after 
one or two cycles. P53 is a well- 
characterized tumor suppressor, 
and P53-deficient cells can pro- 
liferate indefinitely without centrioles. What 
about centriole loss is being sensed by p53? 
The authors check all known p53 response 
pathways—DNA damage, mitotic delay, an- 
euploidy due to decreased mitotic fidelity— 
with negative results in all cases. 

A provocative proposal by Wong et al. is 
that a link between a functional centrosome 
and proliferation might be part of a normal 
mechanism that prevents cell cycle reentry. 
Centrosomes are often inactivated in differ- 
entiated cells, and in some cases centrioles 
are absent. Thus, such a link might both ex- 
plain how multicellular organisms separate 
differentiated from proliferating cells, and 
also provide an opportunity for interven- 
tion in cancer—for example, by targeting 
cells proliferating without normal centro- 
some function. The challenge now is to un- 
derstand what it is about an acentriolar cell 
that p53 senses as defective. ™ 
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MEDICINE 


Progeria accelerates adult stem cell aging 


Diseases resembling premature aging model naturally aging mesenchymal stem cells 


By Regina Brunauer and Brian K. Kennedy 


ging is a multimodal process involv- 
ing accumulation of macromolecular 
damage, genomic instability, and loss 
of heterochromatin, leading to stem 
cell exhaustion and reduced tissue- 
regenerative capability. Still highly 
debated are the extent to which loss of 
adult stem cell regenerative potential drives 
the organismal aging process and, more 
broadly, the relationship between cellular 
and organismal aging. On page 1160 of this 
issue, Zhang et al. (1) report the disruption 
of the WRN gene, mutations of which cause 
Werner syndrome (WS), in embryonic stem 
cells (ESCs). The dramatic phenotype of the 
WRN-deficient ESCs resembles aspects of 
aging but only after differentiation of the 
ESCs into mesenchymal stem cells (MSCs). 
The findings provide insights into the mo- 
lecular events driving WS pathology, reveal 
similarities between Werner and Hutchin- 
son-Gilford progeria syndromes (HGPS), 
and hint at the potential reversibility of the 
aging process, at least at the cellular level. 
Diseases resembling accelerated aging, 
termed progerias, are widely used as models 
of normal aging, yet the extent to which the 
molecular events leading to these diseases 
overlap with aging, or even with each other, 
remain unclear. WS, or “adult progeria” (with 
an early adulthood onset), and HGPS, or 
“childhood progeria,’ are segmental in na- 
ture; that is, patients present with only a sub- 
set of aging pathologies, including cataracts, 
frequent neoplasia (often sarcomas), and 
diabetes in the case of WS. HGPS is gener- 
ally more severe, with a mean life span in the 
mid-teens and cardiovascular disease as the 
major cause of mortality. In HGPS, a trun- 
cated form of the nuclear structure protein 
lamin A, termed progerin, is expressed and 
interferes with several nuclear processes (2). 
Among the progerias, initial studies at- 
tempted to recapitulate progeria in the petri 
dish by reprogramming HGPS fibroblasts to 
form induced pluripotent stem cells (iPSCs) 
(3). Although generated with a lower effi- 
ciency compared to healthy samples, iPSCs 
derived from patient fibroblasts appeared 
normal, in part because ESCs and iPSCs ex- 
press A-type lamins at very low levels. Dif- 
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ferentiation into vascular smooth muscle 
cells, a cell type severely affected in HGPS, 
activated progerin expression and led to 
premature senescence. In a second study 
of iPSC differentiation in HGPS, this time 
looking at many cell types, MSCs, along with 
vascular smooth muscle cells, were found to 
induce the highest levels of, and be among 
the most sensitive to, progerin particularly 
under conditions of stress (4). 

WS patients exhibit pathologies associated 
with degeneration of mesenchymal tissues, 
and transplantation of healthy MSCs into a 
WS mouse model improved mean life span 
and bone density (5). Therefore, Zhang et 
al. chose to examine the properties of MSCs 
derived from ESCs lacking WRN (J). The 
results show clear overlap with the HGPS 
studies described above, with normally be- 
having ESCs differentiating into MSCs that 
displayed progressive defects in prolifera- 
tion and premature senescence, as well as 
an elevated DNA damage response. Further- 
more, WRN-deficient MSCs show decreased 
survival when transplanted into mouse skel- 
etal muscle. Together the studies suggest 
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that impairment of adult stem cell function, 
particularly of MSCs, may be common attri- 
butes of different progeria syndromes. 

Both A-type lamins and WRN have numer- 
ous roles in the nucleus. Progerin expression 
and loss of WRN change the structure of 
both the nuclear membrane and heterochro- 
matin, lead to telomere attrition, and invoke 
DNA damage response pathways (J, 4, 6), all 
of which have been linked to normal aging 
(7). A major challenge, however, is to link 
specific molecular alterations to progeroid 
pathologies. The notion that loss of hetero- 
chromatin could be a cause of aging and 
a potential target for anti-aging interven- 
tions has arisen from work in nonvertebrate 
model organisms (8). In general, a decrease 
in heterochromatin levels has been observed 
during aging, and life-span extension occurs 
when heterochromatin levels are genetically 
restored. In mammalian fibroblasts and 
MSCs, cellular senescence is also associated 
with loss of heterochromatin and increased 
transcriptional noise (9, 10). 

It is unknown whether in the course of 
aging, it is DNA damage that induces het- 
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A stem cell model of progeria. Mesenchymal stem cells (MSCs) lacking the WRN helicase undergo premature 
senescence due to loss of heterochromatin. Similarly, MSCs expressing progerin exhibit accelerated replicative aging 
in vitro. The role of heterochromatin therein remains to be elucidated. 
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erochromatin changes, or loss of hetero- 
chromatin that facilitates DNA damage 
(11). Zhang et al. discovered a role of WRN 
in stabilizing heterochromatin in MSCs (1). 
Absence of WRN resulted in loss of het- 
erochromatin mainly in subtelomeric and 
subcentromeric regions and aberrant tran- 
scription of repetitive satellite DNA. Over- 
expression of the heterochromatin protein 
HP1a, which interacts with WRN, increased 
heterochromatin levels and suppressed 
MSC senescence, but did not prevent DNA 
damage (1). Thus, in the WS setting, DNA 
damage may precede loss of heterochroma- 
tin and cannot be reversed by restoration 
of heterochromatin. Nevertheless, restora- 
tion of heterochromatin suppressed the 
senescent phenotype, indicating that repair 
of DNA damage may not be required to re- 
verse the cellular phenotypes of the WRN- 
deficient ESCs. Because progerin has been 
shown to alter the cellular identity and 
differentiation potential of MSCs and to in- 
duce chromatin defects in fibroblasts, it is 
possible that restoration of heterochroma- 
tin would also restore MSC function in the 
HGPS context (72). 

Strikingly, both HGPS and WS may phe- 
nocopy aging on the molecular level. Prior 
studies have detected elevated progerin ex- 
pression in cells and tissues with age (6). 
In the current study, Zhang et al. report 
reduced WRN expression in MSCs isolated 
from aging individuals. These findings, 
which require further confirmation, raise 
the possibility that a subset of the patholo- 
gies of normal aging is driven by modifica- 
tion of pathways linked to progeria, thereby 
validating progeria aging models. More 
importantly, they raise the possibility that 
reversal of age-associated MSC dysfunction 
may be a valid mechanism to slow aging 
and prevent associated diseases. A major 
outstanding question is whether the res- 
toration of heterochromatin organization 
seen in tissue culture cells would translate 
into a means to rescue the regenerative 
ability of the aged—thereby preventing pa- 
thology and extending life span. & 
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Exceptional 
epigenetics 
in the brain 


Non-CG DNA methylation 
modulates gene expression 
in the adult brain 


By Chongyuan Luo and Joseph R. Ecker 


ytosine (C) methylation, or mC, is a 

modification of DNA that regulates 

gene expression in various contexts 

such as development, cancer, and im- 

printing. In most mammalian somatic 

tissues, mC arises only when C is ina 
dinucleotide context followed by the nucleo- 
tide guanine (G), and the vast majority of 
these sites are methylated (mCG). However, 
in the adult mammalian brain, noncanoni- 
cal cytosine methylation in a non-CG context 
occurs at a high level [mCH; H = adenine 
(A), C, or thymine (T)]. The quantity of non- 
CG methylation is inversely correlated with 
gene expression, but the mechanism by 
which mCH controls transcription has not 
been clear. Two recent studies (/, 2) suggest 
a mechanistic link between mCH and gene 
expression and substantially revise our view 
of gene regulation by DNA methylation in 
the brain, which was previously formed only 
on the basis of studies of mCG. 

Non-CG methylation has been found in 
human embryonic stem cells (3, 4) and more 
recently in the mammalian brain (5-7), and 
is present at a much higher level in neurons 
than in glia, a group of non-neuronal brain 
cell types. Non-CG methylation predomi- 
nantly occurs at CA dinucleotides, with mCA 
accounting for more than 70% of non-CG 
methylation in the frontal cortex. Intrigu- 
ingly, mCH is absent or present at very low 
levels in the brains of newborn mice or hu- 
mans, respectively, but gradually amasses 
between birth and adolescence. mCH ac- 
cumulation coincides temporally with the 
period of synaptogenesis when connections 
between neurons proliferate in the develop- 
ing frontal cortex (7). 

Gabel et al. (1) and Chen et ai. (2) identify 
a possible mechanism whereby mCH may 
regulate neuronal gene expression through 
its recognition by methyl-CpG binding pro- 
tein 2 (MeCP2), a factor whose disruption 
causes the neurological disorder Rett syn- 
drome (8). Gabel et al. observed that hu- 
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man or mouse genes repressed by MeCP2 
tend to have greater physical length (num- 
ber of nucleotides) and are also associated 
with a greater amount of mCA. The finding 
was supported by an independent study 
showing that disruption of MeCP2 is more 
likely to affect long genes in distinct neuron 
types (9). With previous reports that MeCP2 
can bind mCH (0), Gabel et al. further re- 
fined an in vitro binding assay and found 
that mCAC is a preferred binding target of 
MeCP2, with comparable or greater affinity 
than that for mCG. Gabel et al. and Chen et 
al. performed a series of correlative analy- 
ses that led to a model where mCA targets 
MeCP2 to its genomic binding sites in the 
adult mammalian brain (see the figure). 
Chen e¢ al. used transgenic mice expressing 
a tagged version of MeCP2 and chromatin 
immunoprecipitation to generate a high- 
coverage map of MeCP2 binding sites in the 
mouse genome. Notably, the authors have 
found that the locations of mCH as well as 
MeCP2 binding sites are enriched in genes 
whose expression is both up-regulated and 
down-regulated when MeCP2 is disrupted, 
suggesting a more diverse regulatory role 
of MeCP2. The model in which mCA targets 


“It is tempting to speculate 
on the importance of this 
epigenetic mechanism in... 
normal brain function 
or...disorders such as 

Rett syndrome.” 


MeCP2 binding is supported by Gabel et 
al’s study showing that the elimination of 
mCH accumulation, through the ablation of 
de novo DNA methyltransferase Dnmt3a in 
the nervous system, led to a derepression of 
long genes similar to that caused by disrup- 
tion of MeCP2. 

The mechanism uncovered by these two 
studies provides new insights into the spa- 
tial scale and amplitude of the regulation by 
DNA methylation and the targeting of epi- 
genetic regulatory machinery. Many previ- 
ous studies focused on correlations between 
apparent gene expression changes and DNA 
methylation (primarily mCG) patterns at 
discrete regulatory elements such as pro- 
moters, CpG islands, or distal enhancers. By 
contrast, MeCP2 preferentially binds mCA 
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Brain methylation. The current model focuses on mCG at discrete regulatory elements in the genome, where it may block the binding of a transcription factor (TF) or bind to 
MeCP2, which represses transcription. The model does not inform about epigenomic differences between newborn and adult brains. The revised model highlights the accumulation 
of mCH, which is initiated at birth and continues throughout adolescence, resulting in a distinct state in the adult brain with high-affinity interaction between mCA and MeCP2. The 
recruitment of MeCP2 (and perhaps other mCH "readers" indicated with “?”) by non-CG methylation represses the expression of genes enriched in mCA, possibly by affecting 


transcription elongation. Pol2, RNA polymerase 2. 


deposited along gene bodies (the region of a 
gene that is transcribed by RNA polymerase) 
that can span hundreds of kilobases, which 
may allow fine tuning of gene expression at 
the level of individual genes. The currently 
pervasive view, based on correlations ob- 
served in large-scale epigenomic profiling 
analyses between local depletion of mCG 
and transcription factor binding, is that the 
initiation or targeting of epigenetic regula- 
tion likely involves sequence-specific tran- 
scription factors. Although this may well be 
true, the generality of this view is now chal- 
lenged by the selective targeting of MeCP2 
to mCA on genes with greater length, which 
is a spatial property of the genome and is 
unlikely to be associated with specific cis 
elements. Specifically, the recruitment of 
MeCP2 may be directly mediated by the 
epigenomic mark mCA. 

Extending the profiling and perturba- 
tion of mCA and MeCP2 binding to specific 
neuron subtypes will be crucial to further 
unraveling mCA patterns that are currently 
measured with whole tissues (e.g., cortex) or 
mixed neuron populations. For example, ab- 
lating MeCP2 leads to cell type-specific gene 
misregulation (9). Such experiments will 
test whether cell type-specific MeCP2 regu- 
lation is associated with differential mCA 
deposition across distinct brain cell types. 
The contribution of mCA (versus other 
possible marks such as mCG) in recruiting 
MeCP2 remains to be quantified; this could 
be accomplished by profiling MeCP2 bind- 
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ing in specific neurons that are condition- 
ally depleted of mCH. If mCA is indeed the 
primary mark for targeting MeCP2 and/or 
other effectors, what are mechanisms by 
which mCH is targeted to long genes and 
excluded from actively expressed neuronal 
genes? Although a cogent explanation for 
the former is unknown, for the latter it is 
possible that DNMT2a is excluded by the 
elongating RNA polymerase II or certain 
histone modifications associated with tran- 
scription elongation. An opposite mecha- 
nism was recently discovered by which DNA 
methyltransferase DNMT3b interacts with 
histone mark H3K36me3, which is char- 
acteristic of the transcription elongation 
leading to the preferential deposition of mC 
at actively transcribed genes in embryonic 
stem cells and primordial germ cells (1, 12). 

It is tempting to speculate on the impor- 
tance of this epigenetic mechanism in the 
context of normal brain function or for the 
understanding of neurological disorders 
such as Rett syndrome. mCH in the adult 
brain could provide a docking platform to 
direct the binding of a variety of factors 
(e.g., MeCP2) that could mediate distinct 
functions in the adult versus juvenile brain. 
Chen et al. have begun to explore this link 
by finding increased binding of MeCP2 
at the brain-derived neurotrophic factor 
(Bdnf) locus in the adult relative to the 
juvenile mouse brain. Consistent with the 
enhanced MeCP2 recruitment, Bdnf expres- 
sion is misregulated only in adult but not 
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juvenile brains when MeCP2 is disrupted. 
The authors postulated that the gradual ac- 
cumulation of mCA between birth and ado- 
lescence may provide an explanation of the 
late onset of Rett syndrome. 

The pervasive accumulation of mCH in 
the adult brain as well as in pluripotent 
stem cells suggests the possibility that, in 
addition to MeCP2, other proteins not yet 
identified may bind to mCAC and mCAG, 
thereby mediating additional regulatory 
functions. Finding additional effectors or 
“readers” of mCH in tissues with abundant 
non-CG methylation will expand our un- 
derstanding of the functions of this distinct 
epigenomic mark. We anticipate that fur- 
ther exploration of epigenomic mechanisms 
will lead to a more complete picture of the 
potential exceptionalism of gene regulation 
in the brain (73). & 
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ATMOSPHERE 


Challenges of a lowered U.S. ozone standard 


Source attribution science can help areas of the U.S. west 


By Owen R. Cooper,’?* Andrew O. 
Langford,” David D. Parrish,” 
David W. Fahey’ 


t Earth’s surface, ozone is an air pol- 
lutant that causes respiratory health 
effects in humans and impairs plant 
growth and productivity (1). The 
Clean Air Act (CAA) of 1970 man- 
dates that the U.S. Environmental 
Protection Agency (EPA) assess the ozone 
standard every 5 years and revise when nec- 
essary to protect human health. 
POLICY With a decision expected in 
October 2015 as to whether the 
standard will be toughened, we discuss limi- 
tations of ozone and precursor observations 
that hinder the ability of state and local air 
pollution-control agencies to accurately 
attribute sources of ozone within their ju- 
risdictions. Attaining a lower standard may 
be particularly challenging in high eleva- 
tions of the western United States, which 
are more likely to be affected by ozone that 
has been transported long distances or that 
originated in the stratosphere. 

Understanding the origins of surface 
ozone is complicated by its multitude of 
sources. Ozone is transported to the surface 
from the natural reservoir in the strato- 
sphere or produced from precursor gases 
[nitrogen oxides (NO,) and volatile organic 
compounds] that react in the presence of 
sunlight. Ozone precursors have natural 
sources—such as vegetation, wildfires, and 
lightning—and are also emitted by human 
activity—such as combustion of fossil fuels 
and human-caused biomass burning. 

The current primary (health-based) EPA 
standard is 75 parts per billion by volume 
(ppbv), with 227 U.S. counties, home to 123 
million people, classified as not having at- 
tained the standard (www.epa.gov/airquality/ 
greenbook/index.html). In November 2014, 
EPA proposed a revised primary ozone stan- 
dard in the range of 65 to 70 ppbv in order 
to improve public health protection (2). The 
most recent ozone “design values” were used 
to determine whether ozone observations 
comply with the standard (which is based on 
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the 3-year average of the fourth-highest daily 
maximum 8-hour ozone average in each 
year) at all EPA-approved ozone-monitoring 
sites (see the chart). The highest values are 
in large urban areas. Recent data from 2011 
to 2013 reveal that 358 and 558 counties have 
design values that would exceed a revised 
ozone standard of 70 and 65 ppbv, respec- 
tively (www.epa.gov/groundlevelozone/maps. 
html). The good news is that ozone design 
values are declining because of ongoing re- 
ductions in precursor emissions resulting 
from regulations such as the “NO, SIP Call,” 
a state implementation plan that took effect 
across 22 eastern states in 2003, and the na- 
tionwide Tier 2 Vehicle and Gasoline Sulfur 
Program that began in 2004. EPA expects 
these emissions trends to continue through 
2025 owing to already promulgated regula- 
tions (3). 

Although ozone design values are gener- 
ally declining across the United States, the 
trends are weakest at rural high-elevation 
sites in the western United States (>1.5 km 
above sea level) (4). One potential reason 
is greater exposure to enhanced “base- 
line” ozone that flows across the North 
Pacific Ocean or is transported downward 
from the lower stratosphere (5-9). Base- 


line ozone is transported from all upwind 
sources (natural and anthropogenic) before 
modification by recent, localized emissions; 
it includes aged ozone, produced many 
days earlier from U.S. emissions, that is 
returned to the United States after circling 
the globe. Baseline ozone can be directly 
observed by surface or airborne instrumen- 
tation along the West Coast or U.S. politi- 
cal borders and above inland regions of the 
western United States in air masses not 
influenced by recent U.S. emissions. Note 
that baseline ozone plumes produced from 
routine anthropogenic emissions outside 
of the United States cannot be classified as 
exceptional events, which are unusual ex- 
ceedances of the ozone standard that EPA 
removes from consideration when classify- 
ing an area as having nonattainment. 
Observed springtime baseline ozone 3 
to 8 km above western North America has 
increased significantly since the 1980s and 
1990s, and the trend is strongest in air 
masses that are transported directly from 
South and East Asia (4). High-elevation re- 
gions of the western United States are more 
strongly influenced by baseline ozone than 
locations at lower elevations, especially in 
springtime (7-9). However, model studies 


EPA-approved ozone monitoring sites 
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the current ozone standard of 75 ppbv 


Ozone design values at all EPA ozone monitors operating during 2011-2013. The vertical dashed line separates the 
high-elevation regions (>1.5 km) of the west from the east. Western sites are divided into those above and below 1 km above 
sea level, with a separate overlapping category of rural sites. [Ozone values source: www.epa.gov/airtrends/values.html] 
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(10-12) and ozone observations above the 
California coast (9) and rural Nevada (6) 
also indicate substantial baseline ozone at 
low-elevation rural and urban (<1.5 km) 
sites in the western United States. 

EPA is aware of ozone variations across 
the western United States and has con- 
ducted targeted research for the latest 
ozone standard review (J, 3) by focusing 
on the estimation of North American back- 
ground ozone levels (10, 11). This is ozone 
that would exist in the absence of any an- 
thropogenic ozone precursor emissions 
from North America. Although background 
ozone is a large component of baseline 
ozone, it differs from baseline ozone be- 
cause it cannot be measured by instruments 
but must be calculated by global-scale at- 
mospheric chemistry-transport models. 
Background ozone indicates the proportion 
of observed North American ozone that is 
beyond the control of domestic air pollu- 
tion-control measures; these estimates 
also inform U.S. air-quality managers how 
much domestic emissions must be reduced 
in order to attain the ozone standard. Al- 
though the CAA requires EPA to set the 
ozone standard at levels requisite to pro- 
tect public health and welfare without re- 
gard to the source of the pollutant, EPA 
does view background ozone as an impor- 
tant concept to understand and quantify in 
developing implementation policies. Using 
two separate global-to-regional air-quality 
modeling approaches, EPA estimated that 
background ozone makes substantial con- 
tributions to surface ozone in the western 
United States (/, 3). Seasonal (April to 
October) mean background levels ranged 
from 40 to 45 ppbv across much of Arizona, 
Colorado, Nevada, New Mexico, Utah, and 
Wyoming, with some individual days ap- 
proaching the range of the proposed stan- 
dard (i.e., 65 to 70 ppbv). 

EPA has stated that “[e]xisting and up- 
coming EPA regulations and guidance will 
assist states in ensuring background ozone 
does not create unnecessary control obliga- 
tions” (13). However, these mechanisms re- 
quire states and EPA to be able to quantify 
the overall contribution and sources of back- 
ground ozone. The role of scientists is to in- 
form the decision-making by conducting 
research to accurately quantify background 
ozone. The challenges are model accuracy 
and limited observations of baseline ozone, 
which require further development and en- 
hancement in order to improve the quanti- 
fication of background ozone. A comparison 
of two global models shows that they dif- 
fer in their estimates of monthly mean 
background ozone by as much as 10 ppbv 
and produce different seasonal cycles (12). 
Global models also have deficiencies in re- 
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producing long-term observed ozone trends 
at northern mid-latitudes, which indicates 
the need for model improvements related 
to production or transport of ozone (/4). 
Although the U.S. surface-ozone observa- 
tion network is extensive, the observations 
for evaluating model estimates of surface 
and free troposphere baseline ozone along 
the 1800-km U.S. West Coast are extremely 
limited. There are only two measurement 
sites representative of marine boundary 
layer ozone (Trinidad Head, CA, and Cheeka 
Peak, WA), and two coastal mountain sites 
representative of lower tropospheric base- 
line ozone [Mt. Bachelor, OR (5), and 


“Background ozone... 
estimates also inform U.S. 
air-quality managers how 
much domestic emissions 
must be reduced...” 


Chews Ridge, CA]. The only routine ozone 
profiles from sea level to the stratosphere 
on the West Coast are made just once per 
week at Trinidad Head. 

From both scientific and regulatory 
points of view, a lower ozone standard will 
motivate air quality-control planners to 
seek more accurate and precise attribution 
of observed ozone to local, upwind, and 
stratospheric sources of ozone to deter- 
mine how much domestic emissions must 
be reduced in order to attain that standard. 
A lower ozone standard will also increase 
the probability that the standard will be ex- 
ceeded in springtime, which would require 
the attribution of ozone episodes beyond 
the typical summertime period of concern. 
Accurate quantification of background 
ozone under this new paradigm would re- 
quire enhanced baseline ozone observations 
at a spatial density and temporal frequency 
adequate for evaluating and improving the 
models. Once the models can replicate base- 
line ozone, greater confidence can be placed 
in their estimates of background and locally 
produced ozone. 

Additional observations include routine 
vertical ozone profiles at multiple coastal 
and inland sites using  balloon-borne 
ozonesondes, ground-based ozone lidars, 
or, possibly, commercial aircraft. Related 
options include augmenting the U.S. Tropo- 
spheric Ozone Lidar Network (TOLNet), 
the U.S. National Oceanic and Atmospheric 
Administration (NOAA) Global Greenhouse 
Gas Reference Network aircraft program, 
or the European In-Service Aircraft for a 
Global Observing System (IAGOS). New 
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ozone and precursor monitoring sites at 
inland rural locations (especially high el- 
evation) would be useful for gauging the 
descent of baseline ozone from the free tro- 
posphere into the boundary layer. 

These additional observations would im- 
prove detection of interannual variability 
(12) and long-term trends in baseline ozone. 
The observations would be used to improve 
the coarse-scale global models needed for 
the routine estimation of background ozone 
and precursors that are subsequently down- 
scaled and included in the best regional air- 
quality models covering the United States. 
Along these lines, the United Nations Task 
Force on Hemispheric Transport of Air Pol- 
lution is evaluating multiple global- and 
regional-scale model estimates of baseline 
and background ozone across the western 
United States—but only for a very limited 
time period when sufficient observations 
are available. If a revised ozone standard is 
adopted, air quality-control programs will 
have a greater need to precisely and accu- 
rately attribute ozone sources on a continu- 
ous basis, and systematic and long-term 
efforts of scientists will be required to help 
identify and fill gaps in observations and 
modeling capabilities in coming years. & 
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PALEOANTHROPOLOGY 


Understanding our origins 


How a long tradition of exceptionalism distorted our 


perception of human evolution 


By Erika Lorraine Milam 


hat would happen if, tomorrow, 
scientists were to rediscover the 
entire hominid (J) fossil record, 
without any preconceptions in- 
herited from the last century? Ac- 
cording to Ian Tattersall, curator 
emeritus of anthropology at the American 
Museum of Natural History (AMNH), the 
resulting picture of human evolution would 
differ dramatically from that bequeathed 
to today’s paleontologists by their prede- 
cessors. In The Strange Case of the Rickety 
Cossack, he traces the contingencies, false 
starts, and diversity of opinions that have 
characterized the intellectual history of pa- 
leoanthropology from Darwin to today. 

The Piltdown debacle from the early dec- 
ades of the 20th century—in which an un- 
known perpetrator buried a cranium from 
a modern human with the mandible of a 
chimpanzee, leading people to believe that 
the remains might be an ancient British 
ape-man—provides Tattersall with an ob- 
ject lesson he repeats throughout the book. 
Preconceptions matter. They shape scien- 
tific ideas with as much force as fossils and 
facts. Piecing together skeletons from bones 
found in close association requires a leap of 
faith. This, he notes, constitutes most fos- 
sil finds, as specimens preserved in lifelike 
articulation are a great rarity. 

Another misstep lends the book its title. 
Quarrymen in the mid-19th century, work- 
ing in the Neander Valley outside of Dissel- 
dorf, found an unusually shaped skull and 
associated bones. Pathologist Rudolf Vir- 
chow and retired physiologist August Franz 
Mayer postulated that they represented, not 
an anatomically distinct “primitive” ances- 
tor (as claimed by Hermann Schaaffhausen, 
the comparative anatomist who first de- 
scribed the bones), but the relics of a dis- 
eased Russian horseman. New specimens 
discovered in subsequent decades, however, 
shared the same peculiar morphologies and 
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demonstrated the error made by Virchow 
and Mayer. 

For Tattersall, the greatest villain in the 
history of paleoanthropology was also one 
of the most respected evolutionary theorists 
of the century. Ernst Mayr initially made a 
name for himself studying the taxonomy and 
biogeography of living birds. In 1942, he pub- 
lished Systematics and the Origin of Species 
(2), in which he defined species as actually or 
potentially interbreeding populations, repro- 
ductively isolated from other related groups. 


Once believed to be the remains of an early human, the 
“Piltdown man” was exposed as a hoax in 1953. 


Reproductive isolation worked well for de- 
limiting extant bird species but, according 
to Tattersall, set an impossible standard by 
which to judge fossils. Mayr dismissed mor- 
phology as a basis for diagnosing taxonomic 
relationships, yet morphological differences 
between specimens were all paleoanthropol- 
ogists had to work with at the time. 

At a conference on “The Origin and Evo- 
lution of Man” at Cold Spring Harbor Labo- 
ratory in 1950, Mayr accused the assembled 
paleoanthropologists of taxonomic splitting. 
The numerous hominid genera they had 
created, he argued, were not warranted. Tat- 
tersall claims that Mayr’s self-assurance and 
theoretical heft inspired a generation of Eng- 
lish-speaking paleoanthropologists to com- 
mit to a vision of human evolution as a “saga 
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of a lone hero battling from primitiveness to 
perfection over the eons, armed with nothing 
but natural selection and its own wits.” After 
World War II, this framework proved per- 
suasive in part because it became associated 
with an antiracist commitment to variation 
within a singular, progressive human lineage. 

Tattersall devotes the bulk of the book 
to documenting how paleoanthropologists, 
himself included, struggled in subsequent 
decades to transcend this linear account 
of human evolution and rethink assump- 
tions ingrained by their own training. He 
describes an emerging appreciation for the 
widespread diversity of mostly extinct homi- 
nid genera, built on a wealth of fossil dis- 
coveries, radiocarbon and potassium-argon 
dating, and molecular genetic techniques. 

Embedded in this larger narrative, we 
catch vibrant glimpses of Tattersall’s own 
history. He spent his undergraduate years at 
the University of Cambridge, working with 
the “simultaneously intimidating and in- 
spiring” David Pilbeam. He then earned his 
doctorate under the hands-off genial tute- 
lage of Elwyn Simons in Yale’s Department 
of Geology and Geophysics (which housed 
the paleontologists). By the mid-1970s, as 
a junior curator at the AMNH, he arrived 
at the Comoro Islands in search of lemurs 
and found political turmoil. When his in- 
terest in lemurs waned, Tattersall turned 
once again to human evolution. Readers 
follow him to Djibouti, where he hides from 
a “drunken gang of Yugoslav sailors” who 
ransacked the hotel where he was staying. 
These almost cinematic renderings of life 
behind the scenes add personal texture to 
his otherwise scientific chronicle. 

History, Tattersall reminds us, defines 
who we think we are. In his retelling, this 
rings true both for the scientific debates 
and convergences that comprise his nar- 
rative and for the long, complex history of 
hominids that paleoanthropologists are still 
piecing together. 
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ECONOMICS 


Irrational 


actors 


Embracing the mystifying 
choices that flummox the 
field of economics 


By Andrew J. Oswald 


magine that it is the first day of the final 

semester of your undergraduate studies. 

You have just discovered that there is a 

perfect clash in your scheduling: The 

economics course and the psychology 

course you need to graduate are held 
at the same time. You decide you have no 
choice but to leave halfway through every 
economics lecture to dash to the psychology 
lecture. Then imagine that you are asked to 
take a single final exam on what you have 
learned. Your exam answers turn out to be 
thought-provoking and wide-ranging, more 
canny and interesting than those given by 
the more conventional students, full of good 
ideas—sometimes muddled and _inconsis- 
tent—and broader than they are deep. Wel- 
come to behavioral economics. 

Although optimistic, Richard Thaler be- 
lieves that most of economics is a mess. 
First, it treats people as though they are 
cold-blooded, shrewd optimizers (think Mr. 
Spock from Star Trek). Real humans, he 
argues, are routinely gripped by biases and 
errors of passion, and it is here that conven- 
tional economic theory goes wrong. Second, 
it has failed to predict important events like 
the financial crash of the 2000s. Third, he 
believes that economists should spend more 
time on observation and fact gathering. 
Here, the discipline of psychology is ahead 
of Thaler’s curve. 

If you buy this book, turn initially to the 
last page. Here, Thaler argues that most 
economists stubbornly cling “to an imagi- 
nary world” and that one day it will not be 
necessary to have a field called behavioral 
economics because all of economics will fall 
under that heading. He is largely right. How- 
ever, given the verve with which he attacks 
traditional economics, it is not surprising 
to learn that Thaler’s first published article 
on the topic was repeatedly turned down by 
prestigious journals, although it later went 
on to become hugely cited in a then-new and 
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little-known journal (J). 

According to Thaler, loss aversion—the 
idea that a loss hurts more than an equiva- 
lent gain—is “the single most powerful tool 
in the behavioral economist’s arsenal.” This 
is why, for example, firms on the verge of 
bankruptcy do not cut their workers’ pay, 
even though wage cuts would arguably be 
the most rational choice, saving jobs and 
benefiting everyone involved. It explains 
why homeowners fruitlessly cling for years 
to the hope of selling their colonial for 
$300,000 rather than $280,000 and molds 
the behavior of scared but otherwise sen- 
sible stock market investors. 

Thaler suggests that, in contrast to these 
real-life human behaviors, conventional 
economics equals optimization plus equi- 
librium, which, although not a meaningful 
equation, does actually convey the spirit of 
the underlying theory. He means by this that 
if we blend the assumption of rational deci- 
sion-making (optimization) with that of sta- 
bility (equilibrium), we end up with a calm, 
ordered world of the kind that is currently 
described in standard economics courses. 
Unfortunately, this is not the world we 
live in. Such an equation is hard to square 
with house-price booms and stock market 
crashes, for example. 

Behavioral economics seeks to combine 
the best elements of the fields of psychology 
and economics. In his pithy and still-valuable 
introduction to the field in 1999 (2), Camerer 
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wrote that to the typical economist, a theory 
is a body of mathematical tools, whereas to 
a psychologist, a theory is a verbal construct 
that organizes experimental regularity. Many 
psychologists use mathematical models, and 
I therefore do not agree with the details of 
this characterization, but there is something 
to the idea of unifying these two approaches. 

If I were asked for criticisms, I might 
point gently to the fact that Thaler does not 
mention George Katona, a founding father 
of behavioral economics who worked three 
decades before Richard Thaler; nor are any 
of his 100 writings on the topic referenced 
[see selected publications (3, 4); see also (5)]. 
Moreover, given that behavioral economics 
is meant to be the marriage of psychology 
and economics, one might wonder what 
psychologists will make of the fact that the 
references to economics journals vastly out- 
number those to psychology journals. Apart 
from one brief nod to Dutch television, the 
book is also American-centered, in a way 
that may put off readers from the rest of the 
world’s population. 

Perhaps, finally, the book might have been 
even more cogent and rounded if it had ex- 
plained that battles between scholars over a 
theoretical framework that does not fit the 
observed facts are normal in science. Viewed 
from a distance, nothing unusual is going on 
in modern economics. It is bending to the 
data. The tetchiness, howls, and misbehavior 
of those whose ideas are out of date are just 
what has been happening for centuries in 
other disciplines. Scientific progress hurts. 
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Editor’s note 


ON 20 MAY, in response to questions 
about the validity of the methods and 
data in the 2014 Report by M. J. LaCour 
and D. P. Green, Science published online 
an Editorial Expression of Concern on 
the Report. On 28 May, Science released 
online an Editorial Retraction of the 
paper. Articles first published online are 
typically published in print a few weeks 
after online posting. Because of the rapid 
chain of events in this case, both the 
Editorial Retraction and the Editorial 
Expression of Concern are printed here. 
The Editorial Retraction is Science’s final 
decision on this paper and supersedes 
the earlier Editorial Expression 
of Concern. 

Marcia McNutt 

Editor-in-Chief 


Editorial retraction 


SCIENCE, WITH THE concurrence of 
author Donald P. Green, is retracting the 
12 December 2014 Report “When contact 
changes minds: An experiment on trans- 
mission of support for gay equality” by 
LaCour and Green (1). 

The reasons for retracting the paper 
are as follows: (i) Survey incentives 
were misrepresented. To encourage 
participation in the survey, respondents 
were claimed to have been given cash 
payments to enroll, to refer family 
and friends, and to complete multiple 
surveys. In correspondence received 
from Michael J. LaCour’s attorney, he 
confirmed that no such payments were 
made. (ii) The statement on sponsor- 
ship was false. In the Report, LaCour 
acknowledged funding from the 
Williams Institute, the Ford Foundation, 
and the Evelyn and Walter Haas Jr. 
Fund. Per correspondence from LaCour’s 
attorney, this statement was not true. 

In addition to these known problems, 
independent researchers have noted 
certain statistical irregularities in the 
responses (2). LaCour has not produced 
the original survey data from which 
someone else could independently con- 
firm the validity of the reported findings. 

Michael J. LaCour does not agree to 
this Retraction. 

Marcia McNutt 
Editor-in-Chief 
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Antibiotics have been found in pork in China. 
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Editorial expression 
of concern 


IN THE 12 December 2014 issue, Science 
published the Report “When contact 
changes minds: An experiment on transmis- 
sion of support for gay equality” by Michael 
J. LaCour and Donald P. Green (7). On 19 
May 2015, author Green requested that 
Science retract the paper because of the 
unavailability of raw data and other irregu- 
larities that have emerged in the published 
paper. Science is urgently working toward 
the appropriate resolution, while ensuring 
that a fair process is followed. In the mean- 
time, Science is publishing this Editorial 
Expression of Concern to alert our readers 
to the fact that serious questions have been 
raised about the validity of findings in the 
LaCour and Green paper. 

Marcia McNutt 

Editor-in-Chief 
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Antibiotics crisis 

e e 

in China 

THE EMERGENCE OF antibiotic-resistant 
pathogens has become a global public 
health crisis. A new and serious crisis is 
emerging in China: Antibiotics have pol- 
luted the food and drinking water supply. 
Antibiotics are detectable in the residential 
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tap water of Chinese homes (1). Urban 
water supplies present multiclass antibiotic 
residues, including those of fluoroquino- 
lones (broad-spectrum antibiotics whose 
use is discouraged except in treating serious 
bacterial infections). Antibiotic residues 
have been found in foods, including pork 
(2), aquatic products (3), vegetables (4), 

and milk (5). For instance, the Shanghai 
Food and Drug Administration found 7.7% 
of aquatic products to be unacceptable for 
human consumption because of antibiotic 
residues (6). Antibiotic residues are also 
found in vegetable samples, especially those 
grown in manure-amended soil (7). In one 
study, 47% of raw milk samples from 10 
provinces of China were found positive for 
antibiotic residues (5). 

At least three factors are responsible 
for this new antibiotic-related crisis in 
China. First, the country is the largest 
producer and consumer of antibiotics, 
reaching about 210,000 tons of antibiotics 
annually (8). Antibiotics are misused and 
discharged into the environment, where 
they pollute crop-producing soil and 
groundwater and rivers that are sources of 
drinking water, such as the Yangtze River 
(7). Second, an important source of antibi- 
otics in food is antibiotic residues present 
in the agricultural and livestock indus- 
tries (9). In China, about 97,000 tons of 
antibiotics [46% of all antibiotics used in 
the country (8)] are used in its livestock to 
prevent disease and improve production 
(8). In addition to residues present in live- 
stock food products, misuse of antibiotics 
results in 29,000 to 87,000 tons of antibi- 
otic residues annually in livestock waste, 
which is used as manure soil amendment 
for crop production, thereby causing con- 
tamination of agricultural products with 
antibiotics (J0). Third, a main reason for 
this emerging crisis is the lack of effective 
supervision over the production, use, and 
disposal of antibiotics. For instance, one of 
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the largest antibiotic-producing manufac- 
turers in China was found to be secretly 
discharging antibiotic-containing sewage, 
increasing the antibiotic concentration 

in nearby rivers to 10,000 times that of 
uncontaminated rivers (1). 

Effective measures are urgently needed 
to control the antibiotic-related crisis in 
China while it is still at an early stage. 

It is important to control the sources of 
antibiotic pollution through prohibiting 
nontherapeutic use of antibiotics in the 
livestock industry and the arbitrary 
discharge of wastewater containing 
antibiotics. China should also establish 
more effective systems through strength- 
ening the enforcement of its regulations 
to monitor and evaluate the safety and 
adverse reactions of food and drugs, 
including veterinary pharmaceuticals. 
Moreover, it is necessary to develop safer 
food additive products, as well as improve 
veterinary vaccines so as to eliminate the 
use of antibiotics in animal feed. 
Rongzhang Hao, Rongtao Zhao, Shaofu 
Qiu, Ligui Wang, Hongbin Song* 
Institute of Disease Control and Prevention, Academy 
of Military Medical Sciences, Beijing 100071, China. 


*Corresponding author. 
E-mail: hongbinsong@263.net 
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Comment on “Human-like hand use in 
Australopithecus africanus” 

Sergio Almécija, Ian J. Wallace, Stefan Judex, 
David M. Alba, Salvador Moya-Sola 

Skinner and colleagues (Research Article, 
23 January 2015, p. 395), based on 
metacarpal trabecular bone structure, 
argue that Australopithecus africanus 
employed human-like dexterity for stone 


tool making and use 3 million years ago. 
However, their evolutionary and biological 
assumptions are misinformed, failing to 
refute the previously existing hypothesis 
that human-like manipulation preceded 
systematized stone tool manufacture, as 
indicated by the fossil record. 

Full text at http://dx.doi.org/10.1126/science. 
aaa8414 


Response to Comment on “Human- 
like hand use in Australopithecus 
africanus” 

Matthew M. Skinner, Nicholas B. Stephens, 
Zewdi J. Tsegat, Alexandra C. Foote, N. Huynh 
Nguyen, Thomas Gross, Dieter H. Pahr, Jean- 
Jacques Hublin, Tracy L. Kivell 

Almécija and colleagues claim that we 
apply a simplified understanding of 
bone functional adaptation and that 

our results of human-like hand use in 
Australopithecus africanus are not novel. 
We argue that our results speak to actual 
behavior, rather than potential behaviors, 
and our functional interpretation is 

well supported by our methodological 
approach, comparative sample, and 
previous experimental data. 

Full text at http://dx.doi.org/10.1126/science. 
aaa8931 
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TECHNICAL COMMENT 


HUMAN EVOLUTION 


Comment on “Human-like hand use 
in Australopithecus africanus” 


Sergio Almécija,)?** Ian J. Wallace,* Stefan Judex,” David M. Alba,? Salvador Moya-Sola® 


Skinner and colleagues (Research Article, 23 January 2015, p. 395), based on metacarpal 
trabecular bone structure, argue that Australopithecus africanus employed human-like 
dexterity for stone tool making and use 3 million years ago. However, their evolutionary 
and biological assumptions are misinformed, failing to refute the previously existing 
hypothesis that human-like manipulation preceded systematized stone tool manufacture, 


as indicated by the fossil record. 


kinner et al. (7) analyze metacarpal trabec- 
ular bone structure in the 3-million-year- 
old hominin Australopithecus africanus and 
infer based on these data that this taxon 
“was capable of habitual and forceful human- 
like opposition of the thumb and fingers during 
[...] tool-related behaviors, providing morpholog- 
ical evidence of committed tool use in a hominin 
hitherto considered not to be capable of these 
behaviors” (1). Specifically, they found that the 
trabecular organization of the pollical metacarpal 
of A. africanus is, in some respects, more human- 
like than chimpanzee-like, which they interpret 
as “morphological evidence...that can be linked to 
behavior and hand use during life” (7), with clear 
allusions to stone tool making and use throughout 
the article. Although we appreciate their effort to 
investigate a novel aspect of fossil morphology 
like trabecular structure, we note here limitations 
in the proposed evolutionary importance of their 
findings, which together with misinformed as- 
sumptions about bone mechanobiology make 
many of their conclusions unwarranted. We hope 
that the concerns that we raise will help promote 
a constructive discussion dealing with the com- 
plex topic of the relationships between form and 
function and redirect future research studies in 
human evolution. 
It is well known that, like humans, all living 
great apes make and use tools, and some chim- 
panzees and capuchin monkeys even engage in 
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regular stone tool use (2). Humans, however, dis- 
play especially advanced manual dexterity facili- 
tated by a unique (among modern hominoids) 
type of interaction between the proximal pulps 
of our thumb and fingers (3). The primary ana- 
tomical requirement for this pad-to-pad pre- 
cision grasping is having a long thumb relative 
to finger lengths (3-5). Previous analyses of hand 
bone morphology in australopiths (4, 6-8) and 
the Miocene hominin Orrorin (5) have provided 
compelling evidence for pad-to-pad precision 
grasping before the widespread occurrence of 
flaked stone tools, which indicates that a basic 
human-like hand structure is plesiomorphic for 
modern humans (Fig. 1). The emerging evolution- 
ary picture is that increased reliance on bipedal- 
ism and enhanced manipulation were very early 
apomorphies of the hominin lineage, as a part of 
our original adaptive shift from apes in relation 
to new foraging strategies (5, 7). Thus, the even- 
tual application of human-like hand structure to 
stone tool flaking and use was almost certainly 
an exaptation, not an adaptation (4). In this light, 
the inference by Skinner e¢ al. of human-like hand 
use among australopiths is neither unprecedented 
nor unexpected. 

Skinner et al. downplay previous evidence for 
human-like hand use among australopiths by 
arguing that because earlier studies were focused 
exclusively on external (cortical) bone features, 
they do not necessarily provide insight into how 
hominins were actually using their hands during 
life. As they see it, “external morphology can be 
ambiguous, as some features can be retentions 
from the ancestral condition and may not be 
functionally important” (7). The structure of inter- 
nal trabecular bone, they argue, is a truer reflec- 
tion of in vivo loading than cortical structure and 
less influenced by nonmechanical factors such as 
phylogeny. This claim is based on a simplified ac- 
count of bone functional adaptation that trabec- 
ular remodeling throughout life is optimized to 
add and preserve bone where loading occurs and 
resorb bone where it does not. However, it is im- 
portant to recognize that trabecular structure 
alone has little bearing on individual capacity to 


achieve human-like hand grips. In fact, no type of 
trabecular organization will enable an individual 
to attain human-like grips if the external mor- 
phology of their hand bones does not permit it. 
Therefore, Skinner and colleagues’ conclusions 
rely on the circular reasoning that the external 
morphology of australopith hands actually allowed 
human-like grips, which weakens the basic prem- 
ise of their study that trabecular structure is a 
more informative signal than external features. 

Furthermore, Skinner e¢ al.’s interpretation of 
trabecular bone functional adaptation is problem- 
atic for at least three reasons. First, while tra- 
becular bone clearly can respond to mechanical 
signals, loads must be dynamic to be osteogenic 
(9). Relatively static loads associated with tool 
grasping [like those shown for the pollical meta- 
carpal in figure 1 in (1)] have not been associated 
with enhanced trabecular morphology, inde- 
pendent of the magnitude of the applied force. 
Second, there is little evidence that trabecular 
bone is less influenced by genetics, or more in- 
fluenced by loading, than cortical bone. Heri- 
tability estimates for trabecular density in humans 
range between 59 and 73%, whereas estimates for 
cortical density are between 17 and 42% [see ref- 
erences in (JO)]. Moreover, human studies have 
shown that cortical morphology of weight-bearing 
elements scales far better with body mass (a proxy 
for mechanical loading) than trabecular archi- 
tecture [e.g., (1D]. Third, if trabecular organiza- 
tion indeed correlates strongly with predicted 
loading conditions, then this should be evident 
throughout the skeleton, especially in weight- 
bearing elements. However, numerous previous 
attempts to identify functional loading signals in 
the trabecular structure of weight-bearing ele- 
ments in humans and other primates have most 
often been unsuccessful (72). Thus, why mechan- 
ical signals induced by object manipulation should 
be uniquely discernible in hominin pollical meta- 
carpals is unclear. Skinner et al. base their con- 
clusions on their previous comparative analysis 
of trabecular structure in the hominoid third 
metacarpal (13). However, this analysis was un- 
able to separate humans from gibbons or orang- 
utans [figure 4 in (13)], and it failed to provide 
any direct evidence that observed differences be- 
tween taxa were actually due to variation in life- 
time mechanical loading. Inherently, extrapolating 
from this potentially phylogenetically dependent 
correlation in the third metacarpal to all meta- 
carpals renders the conclusions of Skinner et al. 
even more speculative. 

Nevertheless, even if one assumes that meta- 
carpal trabecular structure closely reflects lifetime 
loading, Skinner et al.’s comparative evidence 
linking form to function is limited. Although the 
authors found that “[d]Jifferences in the distribu- 
tion of trabecular bone across apes and humans 
were also found in Mc3 and Mc5” (J), their 
pairwise comparisons [table S3 in (1)] indicate 
that this is only true for the fifth metacarpal head, 
for which no australopiths were sampled [table 1 in 
(1)]. For the third metacarpal head, differences 
in trabecular organization were only found be- 
tween humans and African apes [table S3 in 
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ca. 55.0 


ca. 18.0 


ca. 16.0 


Euprimates: 


prehensile hands and flattened nails facilitate grasping 


Plesiomorphic apes: 


generalized hand proportions (moderate thumb-fingers ratio) 


and highly mobile sellar trapezio-metacarpal joint 
enhances thumb opposition 


Great apes: 
habitual tool use and tool making involving organic 


materials (e.g., leaves, sticks) related to 
increased encephalization 


Last common ancestor of Pan and Homo: 
tool use involving unintentionally modified stones 
(probably similiar to Tai Forest chimpanzees) 


Orrorin tugenensis: 

thumb and femoral morphology indicate 
human-like pad-to-pad precision grasping plus 
habitual bipedalism, 

(implying new foraging strategies in early hominins) 


Australopiths: 

human-like intrinsic hand proportions 

and pad-to-pad precision grasping 

(plesiomorphic for australopiths) 

possible sporadic stone tool making and butchering 


Widespread systematized stone tool production: 
commonly attributed to early Homo species 
(some fossils show slightly enlarged braincases) 


More elaborate stone tools: 


\ associated with Homo erectus and later hominins, 
“which exhibited both an expanded endocranial volume and 


overall modern human-like body form 


Homo sapiens: 
highly encephalized and well-developed culture, 
very advanced manipulative skills and technology 


Fig. 1. Simplified timeline showing major evolutionary advents in human manipulative capabilities. 
The fossil record indicates that the story of human advanced manipulation has very early origins, 
predating the widespread appearance of systematized flaked stone tool manufacture. Basic human-like 
hand proportions allowing for refined manipulation have been inferred in Orrorin and all australopith 
species and confirmed by the virtually complete hand of Australopithecus sediba. The morphological 
results of Skinner et al. merely support these previous findings. Ma, million years ago. 


(1)], with A. africanus showing values closer to 
apes than humans. Ultimately, Skinner et al.’s 
numerical results support human-like hand use 
in A. africanus based only on certain similarities 
with the trabecular pattern of the pollical meta- 
carpal base of humans as compared to chimpan- 
zees. In our opinion, it is overly risky to draw 
profound conclusions about hominin paleobiol- 
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ogy based solely on a comparative sample of 
two taxa (Pan versus Homo). It is noteworthy 
that a previous inference (14) of australopith 
stone tool manufacture based on pollical meta- 
carpal external morphology that relied on a 
comparative sample of only chimpanzees and 
humans was no longer supported once gorillas 
were included in the analysis [i.e., gorillas were 


similar to hominins (J5)]. A more credible test 
relating pollical metacarpal trabecular structure 
to manipulative behaviors would incorporate not 
only gorillas (as they did with rays three and five) 
but also other primates with dexterous hands 
like Theropithecus (specialized forager) or the 
Tai Forest chimpanzees and Cebus (stone tool 
users). Such a strategy would permit evaluation of 
whether the observed morphological signatures 
of Skinner et al. are ecophenotypic (as they ar- 
gue) instead of merely representing a hominin 
phylogenetic signal. 

Ultimately, the results of Skinner e¢ a., far from 
demonstrating strong evidence of stone tool man- 
ufacture and use among australopiths, support 
previous observations reached on the basis of 
external morphology that australopith hands were, 
in some ways, more similar to those of humans 
than to apes, and thus were likely capable of 
human-like manipulation (4-8). However, this 
does not mean that human hands evolved for 
the sole purpose of making and using stone 
tools, for which cognitive capabilities should be 
also considered, as Napier and others indicated 
before (3). 

Note added in proof: The recently described 
lithic artifacts from Lomekwi 3, northwestern 
Kenya, are claimed to represent the earliest 
evidence of intentional stone tool production 
at 3.3 Ma [S. Harmand et al. (16)]. This discovery 
is consistent with human-like manual dexterity 
being an ancient adaptation among hominins. 
Even so, as Harmand et al. argue, and in agree- 
ment with our view, the decisive adaptation 
enabling “Lomekwian” stone knapping (to yet- 
unidentified hominins) was likely neurological. 
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HUMAN EVOLUTION 


Response to Comment on 
“Human-like hand use in 
Australopithecus africanus” 


Matthew M. Skinner,»”**** Nicholas B. Stephens,” Zewdi J. Tsegai,” 
Alexandra C. Foote,” N. Huynh Nguyen,” Thomas Gross,” Dieter H. Pahr,” 


Jean-Jacques Hublin,? Tracy L. Kivell”*** 


Almécija and colleagues claim that we apply a simplified understanding of bone functional 
adaptation and that our results of human-like hand use in Australopithecus africanus are 
not novel. We argue that our results speak to actual behavior, rather than potential 
behaviors, and our functional interpretation is well supported by our methodological 
approach, comparative sample, and previous experimental data. 


Imécija et al. (1) challenge our conclusions 

on three points: (i) we do not give suf- 
ficient credence to published studies on 

the external morphology of australopith 
hand bones that are consistent with pre- 
cision grip capabilities; (ii) we overstate the evi- 
dence for a form-function signal in trabecular 
bone; and (iii) our comparative sample and anal- 
yses do not support differences in trabecular pat- 
terning between humans and extant apes. Their 
critique suffers from a lack of recognition that 
(i) our study provides evidence for hand postures 
actually adopted by australopiths, rather than 
those they were potentially capable of; (ii) we 
base our conclusions on the three-dimensional 
distribution of trabecular bone throughout the 
epiphysis rather than on particular measures of 
subregions of trabecular structure; and (iii) our 
comparative sample, which includes stone tool- 
using Tai chimpanzees, indicates that humans have 
a distinctive trabecular pattern that is shared with 
Neandertals and Australopithecus africanus (2). 
We do not claim that our results “refute the 
previously existing hypothesis that human-like 
manipulation preceded systematized stone tool 
manufacture” (1); to the contrary, we state that 
our results are consistent with the use of “force- 
ful hand grips for any number of manipulative 
behaviors” (2). Almécija et al. (1) refer to previous 
studies (mainly their own) based on the relative 
lengths and external morphology of hand bones 
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that “have provided compelling evidence for pad- 
to-pad precision grasping before the widespread 
occurrence of flaked stone tools” (7) and that aus- 
tralopiths and earlier hominins “were likely ca- 
pable of human-like manipulation” (7). We agree; 
however, Almécija et al. (1) fail to acknowledge that 
our results are novel because they reflect (i) actual 
behavior, rather than the capability for particular 
behaviors and (ii) forceful pad-to-pad precision 
grasping, which is what separates human dex- 
terity from that of other primates (3). The asym- 
metric distribution of trabecular bone within 
the base of the thumb and metacarpal heads in 
humans, Neandertals, and A. africanus (and the 
absence of this pattern in apes) provides evidence 
for habitual, forceful opposition of the thumb to 
the fingers. We agree that inferences for human- 
like hand use among australopiths referred to 
by Almécija et al. are neither “unprecedented nor 
unexpected” (7). However, the inferences we can 
now make, based on the trabecular bone distri- 
bution and the well-accepted concept that tra- 
beculae remodel in response to habitual load during 
an individual’s lifetime (4, 5), are much stronger 
than they and others have been able to make based 
on external morphology of hand bones alone. 
Almécija et al. (1) also take issue with our 
statement that “external morphology can be am- 
biguous, as some features can be retentions from 
the ancestral condition and may not be function- 
ally important” (2). This is an often-recognized, 
fundamental problem of any researcher trying to 
reconstruct behavior in the past in palaeoan- 
thropology (6) and beyond (7), and we stand by 
this assertion. Their claim that we suggest that 
“trabecular organization will enable an individ- 
ual to attain human-like grips” (J) is simply in- 
correct. Clearly, the range of motion of each 
finger and thumb and the possibilities for their 
relative positions during manipulation are large- 
ly dictated by the size and shape of the bones 
themselves, as well as soft tissues, and not by 
trabecular bone. We assert that the trabecular 


pattern indicates whether or not individual 
australopiths were actually adopting these grips 
with enough force to maintain an appropriate 
distribution of trabecular bone [i-e., a physiolog- 
ical adaptation, sensu (8)]. 

Almécija et al. (1) highlight three reasons that 
our interpretation of trabecular bone functional 
adaption is problematic. First, they note that tra- 
becular bone remodels under dynamic loads and 
not static loads, such as when one is “tool grasp- 
ing” (1). Not only does experimental evidence 
show that gripping force varies during static 
holding, and thus that loads experienced by 
the hand are dynamic (9), but when one uses 
an object, gripping force will fluctuate through- 
out the duration of the task (JO, 11). 

Second, they claim that “there is little evidence 
that trabecular bone is less influenced by genet- 
ics, or more influenced by loading, than cortical 
bone” (1). The authors ignore substantial experi- 
mental evidence that trabecular bone structure can 
adapt to longer-term (i.e., minimum 8 to 10 weeks) 
cyclic loading [e.g., (4, 5)] and appears to do so 
better than cortical bone (12). Indeed, one of the 
authors themselves has recently used trabecular 
bone to infer function in fossil hominins (73). 

Third, they claim that the failure of previous 
studies to find a strong link between trabecular 
structure and inferred patterns of loading weakens 
our argument. These previous studies examine a 
volume of interest within the epiphysis and quan- 
tify characteristics of trabecular structure such as 
the ratio of bone volume to total volume (BV/TV), 
trabecular spacing, or trabecular number. Our 
analysis differs from these studies in that we 
quantify the distribution of BV/TV throughout 
the entire epiphysis, and the key finding of our 
study is based not on the “density” of trabecular 
bone but on its relative distribution throughout 
the epiphyses. This includes the distribution of 
trabeculae just beneath the articular joint sur- 
face, where joint reaction forces are initially in- 
curred, which allows us to infer the joint position 
during predominant loading. 

Finally, Almécija et al. (2) suggest that a lack of 
differences in pairwise comparisons in BV/TV in 
the third metacarpal (Mc3) between humans 
and Asian apes weakens our argument for a link 
between form and function. Unfortunately, they 
are conflating two sets of results: those for ave- 
rage BV/TV throughout the epiphysis and the dis- 
tribution of trabecular bone throughout the 
epiphysis. Furthermore, we acknowledge the 
shared high BV/TV values between Pan and A. 
africanus, suggesting that this may reflect that 
“the hands of these early hominins may still be 
used for arboreal locomotion” (2). Contrary to 
Almécija et al.’s (1) claim, our comparative sample 
does include tool-using Tai chimpanzees [Pan 
troglodytes verus; original table S1 (2)], and their 
metacarpals do not show any similarity to the 
trabecular distribution found in humans, Nean- 
dertals, and A. africanus. We agree that examining 
other nonhuman primates is likely to further 
elucidate links between hand use and trabecular 
structure, but the limited trabecular bone in 
the epiphyses of smaller-bodied hominoids and 
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monkeys (/4) suggests caution in applying either 
our method or traditional volume-of-interest 
approaches to broad comparative samples. For 
example, hylobatids have very few trabecular 
struts in their hand bone epiphyses. This yields 
similar average BV/TV values in hylobatids and 
humans, as Almécija et al. (1) highlight, even 
though the trabecular structure itself is very dif- 
ferent between the two taxa. 

Based on our understanding of Almécija and 
colleagues’ (7) critique, we see no reason to alter 
the conclusions of our study (2). Although we 
agree that such forceful human-like grips could 
have been used for various manipulative behav- 
iors, experimental evidence suggests that tool use 
and tool production [albeit current studies (ZO, 17) 
are biased toward these behaviors] induce some 
of the highest nonlocomotor loading on the hands. 
Thus, it is parsimonious, based on current evi- 
dence, to conclude that these hand grips (forceful 
precision and power squeeze) were adopted dur- 
ing tool use (be it of wood, bone, or stone), and 
this derived, human-like pattern is consistent 
with evidence for stone flake use by A. afarensis (15). 
Future analyses of trabecular structure in earlier 
hominins may indeed reveal that such forceful 
precision grips were actually used long before 
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evidence of tool use, supporting the claims of 
Almécija et al. (1), but until then, such gripping 
behaviors can only be considered a potential 
capability. 

Note added in proof: Recently described pre- 
Oldowan stone tools from Kenya, named the 
Lomekwian [S. Harmand et al. (16)], are rel- 
evant to this discussion and particularly inter- 
esting, as they occur at least 0.5 Ma before the 
appearance of the genus Homo. The large size 
of hammers, anvils, and flakes that charac- 
terize the Lomekwian are suggestive of consider- 
able loading of the thumb and fingers during flake 
production, and this is consistent with our evi- 
dence for high BV/TV and the distribution of tra- 
becular bone in the base of the thumb consistent 
with forceful precision grips in Australopithecus. 
Biomechanical analyses of hand loading during 
simulated Lomekwian tool production would 
shed light on potential links between this be- 
havior and the patterns of trabecular bone dis- 
tribution in the hands of pre-Homo hominins. 
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Honey bees (Apis mellifera) form complex societies 


Earliest stages of human 
development revealed 


Most of our knowledge about 
meiosis in mammalian oocytes 
stems from studies of mouse 
oocytes. However, chromosome 
segregation in mouse oocytes 


Human meiosis in living color 


1102 


Edited by Stella Hurtley 


is much more reliable than in 
human oocytes. Working with 
the clinic that first pioneered IVF, 
Holubcova et al. studied freshly 
harvested human oocytes. They 
used high-resolution fluores- 
cence microscopy to watch 
more than 100 human oocytes 
as they went through each step 
of meiosis. — SMH 

Science, this issue p. 1143 


More N,0 is no 
laughing matter 


Because N,O is a potent green- 
house gas, tracking its sources 
and sinks—including those from 
natural processes—is imperative. 
Babbin et al. developed an iso- 
topic tracer method to measure 
biological N,O reduction rates 
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SOCIAL EVOLUTION 


For bees, many roads 
lead to social harmony 


usociality, where workers sacrifice 
their reproductive rights to support 
the colony, has evolved repeatedly 
and represents the most evolved form 
of social evolution in insects. Kapheim 


et al. looked across the genomes of 10 bee 
species with varying degrees of social- 

ity to determine the underlying genomic 
contributions. No one genomic path led 

to eusociality, but similarities across 
genomes were seen in features such as 
increases in gene regulation and methyla- 
tion. It also seems that selection pressures 
relaxed after the emergence of complex 
sociality. — SNV 


directly in the Eastern Tropical 
North Pacific Ocean. Incomplete 
denitrification results in the 
rapid cycling and net accumula- 
tion of N,O. As oxygen minimum 
zones expand in the global 
ocean, more N,O may enter the 
atmosphere than previously 
expected. — NW 

Science, this issue p. 1127 


A frigid simulator 
for friction 


Friction can be a friend or a foe, 
depending on whether we are 
trying to brake on a slippery 
road or to protect moving parts 
in industrial equipment. It results 
from the forces between atoms 
on the two surfaces in contact, 
but the details of the process are 
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Science, this issue p. 1139 


not well understood. Bylinskii et 
al. constructed a tunable friction 
simulator out of a handful of 
cold trapped ions that move in 
the potential of an optical lattice 
(see the Perspective by Meyer). 
They could vary the friction 
force experienced by the ions 
from maximal to nearly zero 
simply by changing the spatial 
arrangement of the ion array 
with respect to the optical 
lattice. —JS 


Science, this issue p. 1115; 
see also p. 1089 


Not getting all 
sides of the news? 


People are increasingly turning 
away from mass media to social 
media as a way of learning news 
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and civic information. Bakshy et 
al. examined the news that mil- 
lions of Facebook users’ peers 
shared, what information these 
users were presented with, and 
what they ultimately consumed 
(see the Perspective by Lazer). 
Friends shared substantially less 
cross-cutting news from sources 
aligned with an opposing ideol- 
ogy. People encountered roughly 
15% less cross-cutting content 
in news feeds due to algorithmic 
ranking and clicked through to 
70% less of this cross-cutting 
content. Within the domain of 
political news encountered in 
social media, selective exposure 
appears to drive attention. — BJ 


Science, this issue p. 1130; 
see also p. 1090 


ECOPHYSIOLOGY 
Double trouble 


It is well known that climate 
change will warm ocean waters, 
but dissolved oxygen levels 
also decrease as water warms. 
Deutsch et al. combined data 
on metabolism, temperature, 
and demographics to determine 
the impact of marine deoxy- 
genation on a variety of fish 
and crustacean species (see 
the Perspective by Kleypas). 
Predicted climate and oxygen 
conditions can be expected 

to contract the distribution 

of marine fish poleward, as 
equatorward waters become too 
low in oxygen to support their 
energy needs. Furthermore, 
even the more-poleward waters 
will have reduced oxygen levels. 
— SNV 


Science, this issue p. 1132; 
see also p. 1086 


CELL BIOLOGY 
Giving an old organelle 
the old heave-ho 


Centrioles are ancient cellular 
organelles that build 
centrosomes, the major 
microtubule-organizing centers 
in animal cells. Duplication of 
centrioles is tightly controlled 
to ensure that each dividing cell 
has precisely two centrosomes. 
Human cancer cells often have 
extra centrosomes, which has 


SCIENCE sciencemag.org 


been hypothesized to confer a 
proliferative advantage. Wong et 
al. developed small molecules 
(centrinones) that allowed them 
to reversibly “delete” centrioles 
from cells (see the Perspective 
by Stearns). Surprisingly, cancer 
cells continued to divide in 
the absence of centrosomes, 
whereas normal cells stopped 
dividing. — PAK 

Science, this issue p. 1155; 

see also p.1091 


DINOSAUR DENTITION 
Was triceratops in 
need of a good dentist? 


Reptiles and mammalian her- 
bivores tend to differ in the way 
their teeth align. Ericksson et 

al. combined nanomechanics 
and paleontology to study the 
dental structure of herbivorous 
dinosaurs. Triceratops and duck- 
billed dinosaur teeth evolved for 
efficient chewing of plant matter, 
resulting in a dental complexity 
and tooth wear patterns similar 
to those seen in mammals. 

— BJP 


Sci. Adv. 10.1126/ 
sciadv.1500055 (2015). 


PREECLAMPSIA 


Drugs play a PPARt 
against preeclampsia 


Preeclampsia is a life-threaten- 
ing complication of pregnancy, 
with symptoms including high 
blood pressure and protein 
in the urine. The underlying 
causes of preeclampsia are 
not yet understood. The only 
effective treatment for pre- 
eclampsia is preterm delivery, 
which poses risks for the child. 
Holobotovskyy et al. show that 
avascular protein called RGS5 
plays an important role in the 
regulation of blood pressure dur- 
ing pregnancy. The absence of 
this protein caused a preeclamp- 
sia-like syndrome in mouse 
models. The mice were treated 
effectively with drugs called 
PPAR agonists, some of which 
are already approved for use in 
humans with diabetes. — YN 

Sci. Transl. Med. 7,290ra88 (2015). 


IN OTHER JOURNALS 


MATERIALS SCIENCE 


Faster ways to flexibl 


tretchable electronics that combine both inorganic and 


organic parts require proce 


Edited by Kristen Mueller 
and Jesse Smith 


Semiconductor chips 
attached to a flexible, 
stretchable support 


e electronics 


ssing methods compatible 


with both types of materials. Writing semiconductors 


directly onto flexible substr, 


ates is possible only at low 


temperatures. If one fabricates the semiconductors 
first, precise alignment steps are needed, including deposi- 
tion of the interconnects. Park et al. developed a process of 
directed self-assembly where light-emitting diodes (LEDs) 


can be fluidically deposited onto 


a stretchable substrate, so 


that they bond to regions that are isolated from deforma- 
tion. The bottom substrate contained regions of solder 


that directed the LED assembly. 


A top conductive layer was 


designed for rapid attachment without critical alignment. 


Thus, flexible solid-state lighting 
ous roll-to-roll process. — MSL 


could be made in a continu- 


Adv. Mat. 10.1002/adma.201500839 (2015). 


AGING 

In search of an 
anti-aging drug 

As organisms age, they 
accumulate cells that can no 
longer proliferate. Such cells— 
termed “senescent” —persist 
and appear to promote aging 
by producing and secreting a 
variety of proteins. Zhu et al. 
tested whether drugs that inhibit 
cellular signaling pathways that 
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make senescent cells resistant 
to stress and cell death could 
deplete senescent cells in mice. 
A combination of two drugs 

that inhibit such pathways 
selectively killed senescent cells 
in vitro, improved heart and 
vascular function in aging mice, 
and improved symptoms ina 
mouse model of accelerated 
aging. Although pinpointing the 
relevant targets of these drugs is 
difficult, the studies indicate that 
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EVOLUTION 


selectively targeting senescent 
cells with small molecules may 
be feasible. — LBR 


Aging Cell 10.1111/acel.12344 (2015). 


the vaginal microbiome may 


influence rates of ST! acquisi- 
tion. — KLM 
Immunity 42,965 (2015). 


Maintaining a massive 
mitochondrial genome 


TRANSLATION GREEN CHEMISTRY 


ven within the same species, flowering plants exhibit Special proteins Savvy solvent swaps 

extreme differences in genome size, composition, Sates 

and organization of their mitochondrial genomes. The for stressed cells to make artemisinin 

coding sequence, however, is a different story. Wu et al. Stress, in the form of high tem- Solvents greatly influence the 

sequenced the mitochondrial genome of the plant Silene peratures, causes cells to shut course of chemical reactions. 
noctiflora and found that the genome consisted of 54 genes down the translation of most More indirectly, they constrain 
mapping to 59 circular chromosomes of varying size, many messenger RNAs (mRNAs). At the accessible temperature 
of which lacked genes. When compared with an individual the same time, stress activates and pressure conditions and 
from another population, both mitochondrial genomes con- the synthesis of a small number frequently constitute the bulk of 
tained the same number and organization of genes. However, of proteins needed for cell waste left over when reactions are 
variation was observed in total chromosome number (59 ver- survival and recovery, but how? finished. Amara et al. explored the 
sus 63), suggesting that noncoding sequence had both been To find out, Zhang et al. exposed advantages of using environ- 
lost and gained between the populations but that selection human tissue culture cells to mentally friendly solvents in the 
maintains genetic information in the mitochondria. — LMZ heat stress and found that they photochemical oxidation process 

produced an alternative form used to make the antimalarial 


Proc. Natl. Acad. Sci. U.S.A. 10.1073/pnas.1421397112 (2015). 


Silene noctiflora plants 
have an unusually large 


mitochondrial genome 
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of the protein MRPL18, which is 
normally part of mitochondrial 
ribosomes. When stressed, cells 
express this alternative form 

of MRPL18 and incorporate it 
into cytosolic ribosomes, large 
protein complexes required 

for translation. These modified 
ribosomes can engage and effi- 
ciently translate mRNAs needed 
for stress survival. — GR 


Nat. Struct. Mol. Biol. 22,404 (2015). 


MICROBIOTA 
Anew normal 
for the microbiota 


Many surfaces of the human 
body, including the genital tract, 
harbor bacteria collectively 
referred to as the microbiota. 
Previous studies suggested 
that a healthy vaginal micro- 
biota is lactobacillus-dominant 
and has low bacterial diversity. 


Anahtar et al. now challenge this. 


Studying young healthy women 
in South Africa, they identified 
four clusters of vaginal microbi- 
omes. Only 37% of the women 
fell into lactobacillus-dominant 
clusters. The rest had more 
diverse microbiomes dominated 
by other genera. One diverse 
cluster associated strongly 
with genital inflammation. 
Because genital inflammation 
can place women at higher risk 
for acquiring sexually transmit- 
ted infections (STIs), such as 
HIV, these results suggest that 
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drug artemisini 
they developed 


n. In particular, 
one protocol 


using liquefied carbon dioxide 
and another using mixtures of 
water and either ethanol or tetra- 
hydrofuran. The latter protocol 
operated at room temperature, 
and the solvents could be 
recycled after directly delivering 
crystallized product. — JSY 


Nat. Chem. 7,10.1038/ 


N 


EDUCATION 


CHEM.2261 (2015). 


Review sessions: 


From passive 


to active 


Most science lectures begin with 
a 5- to 10-min review of what was 
covered previously, but is this 


time well spent? 
observers, Maxw 
that students los 
review sessions, 
ing to more time 


Using trained 
ell et al. showed 
e focus during 
ultimately lead- 
being lost as 


students attempt to reengage 


when new materi 


alis presented. 


To alleviate this, a “two-stage” 
review session, where students 


work on problem 


s relating to the 


review material first alone and 
then in groups, was introduced. 
Results show that the active 


review sessions | 


ncreased 


student engagement, allowed 
instructors to immediately know 
with what content students 


were or were not 


struggling, and 


allowed students to participate in 
active learning. — MM 
J. Coll. Sci. Teach. 44, 48 (2015). 


sciencemag.org SCIENCE 


PHOTO: © FLORALIMAGES/ALAMY 


RESEARCH 


ALSO IN SCIENCE JOURNALS Si senamanies 


VIRAL IMMUNOLOGY 
Viral exposure—the 
complete history 


In addition to causing illness, 
viruses leave indelible foot- 
prints behind, because infection 
permanently alters the immune 
system. Blood tests that detect 
antiviral antibodies can provide 
information about both past 
and present viral exposures. 
Typically, such tests measure 
only one virus at atime. Using 
a synthetic representation of 
all human viral peptides, Xu et 
al. developed a blood test that 
identifies antibodies against 

all known human viruses. They 
studied blood samples from 
nearly 600 people of differing 
ages and geographic loca- 
tions and found that most had 
been exposed to about 10 viral 
species over their lifetime. 
Despite differences in the rates 
of exposure to specific viruses, 
the antibody responses in most 
individuals targeted the same 
viral epitopes. — PAK 


Science, this issue p. 1105 


NEURODEGENERATION 


A mouse model for ALS 

A GAC2 repeat expansion 

in COORF72 is known to be 

the major genetic cause of 
frontotemporal dementia and 
amyotrophic lateral sclerosis 
(c9FTD/ALS). However, a lack of 
animal models recapitulating key 
disease features has hindered 
efforts to understand and 
prevent c9FTD/ALS-related neu- 
rodegeneration. Until now. Chew 
et al. describe a mouse model 
that mimics both neuropatho- 
logical and clinical phenotypes of 
c9FTD/ALS. — SMH 


Science, this issue p. 1151 


ANTIBIOTICS 


New for old—TB drug 


development 


Tuberculosis (TB) is a global 
health threat for which there is 
only lengthy drug treatment. 


1104-B 


Patients need to consume mul- 
tiple tablets over several months 
and frequently fail to complete 
their treatment. Consequently, 
drug-resistant strains of the 
pathogen have emerged, which 
add to the threat. Kling et al. 
revisited a natural product 
called griselimycin, extracted 
from the same organism that 
produced the prototype anti-TB 
drug, streptomycin. Unmodified 
griselimycin has poor pharma- 
cological properties. However, 
one synthetic derivative had 
improved oral uptake and 
penetrated cells of the immune 
system that harbor the TB 
mycobacterium. In combination 
with other drugs, the griseli- 
mycin derivative showed high 
potency in mice with TB. — CA 
Science, this issue p. 1106 


MULTIFERROICS 
Visualizing ferroelectric 
domains 


Multiferroic materials support 
intertwined ferromagnetic 
and ferroelectric orders, with 
the magnetic field capable of 
controlling the electric order and 
vice versa. Matsubara et al. used 
second harmonic generation 
microscopy to visualize what 
happens to the ferroelectric 
domains in the multiferroic 
TbMn0O, when an externally 
applied magnetic field changes 
the direction of electric polariza- 
tion by 90°. Unexpectedly, the 
domain walls, initially parallel to 
the polarization vector, did not 
change their shape or position. 
The resulting transition from 
neutral to charged domain walls 
may help in the development of 
future ferroelectric devices. — JS 
Science, this issue p. 1112 


FRICTION 


Slip sliding away 

Many applications would benefit 
from ultralow friction conditions 
to minimize wear on the moving 
parts such as in hard drives 

or engines. On the very small 
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scale, ultralow friction has 
been observed with graphite 
as a lubricant. Berman et al. 
achieved superlubricity using 
graphene in combination with 
crystalline diamond nanopar- 
ticles and diamondlike carbon 
(see the Perspective by Hone 
and Carpick). Simulations 
showed that sliding of the 
graphene patches around the 
tiny nanodiamond particles led 
to nanoscrolls with reduced con- 
tact area that slide easily against 
the amorphous diamondlike 
carbon surface. — MSL 

Science, this issue p. 1118; 

see also p. 1087 


ORGANIC THIN FILMS 


Standing at order 

Thin films of organic molecules 
on solid substrates tend to 
nucleate at many sites and grow 
multiple domains. However, 
one large uniform film would 

be much more desirable in 
device applications. Seiki et al. 
designed organic molecules that 
filled space in a hexagonal tiling; 
a propeller-like triptycene base 
adhered to crystalline surfaces 
and alkyl tails extended away 
from it. The authors could make 
well-ordered multilayer films 

up to centimeter length scales. 
— PDS 


Science, this issue p. 1122 


CORAL REEFS 


Not as deep 

As our climate warms, many 
species ranges are predicted to 
shift toward the warmer poles. 
Focusing solely on tempera- 
tures, however, ignores many 
factors that change across 
latitudes, such as the intensity 
of solar radiation. Muir et al. 
looked at global distributions 

of two groups of reef-building 
corals (see the Perspective by 
Kleypas). Most reef-building 
corals occur deep enough to be 
protected from surge. However, 
corals require sunlight to sustain 
their symbiotic photosynthetic 
algae. Because solar radiation is 
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more limited farther away from 
the equator, future populations 
might be limited to more turbu- 
lent shallow waters. — SNV 
Science, this issue p. 1135; 
see also p. 1086 


ELECTRON MICROSCOPY 
Pushing the limits of 
electron microscopy 


Recent advances in cryo—elec- 
tron microscopy (cryo-EM) allow 
structures of large macromol- 
ecules to be determined at 
near-atomic resolution. So far, 
though, resolutions approaching 
2 A, where features key to drug 
design are revealed, remain the 
province of x-ray crystallogra- 
phy. Bartesaghi et al. achieved a 
resolution of 2.2 A for a 465-kD 
ligand-bound protein complex 
using cryo-EM. The density map 
is detailed enough to show close 
to 800 water molecules, mag- 
nesium and sodium ions, and 
precise side-chain conforma- 
tions. These results bring routine 
use of cryo-EM in rational drug 
design a step closer. — VV 
Science, this issue p. 1147 


AGING STEM CELLS 
Heterochromatin in aging 
stem cells 


Analysis of human aging 
syndromes, such as Werner syn- 
drome (WS), may lead to greater 
understanding of both premature 
and normal aging. Zhang et al. 
generated isogenic WS-specific 
human embryonic stem cell lines 
(see the Perspective by Brunauer 
and Kennedy). WS-mesenchymal 
stem cells displayed features 
characteristic of premature 
aging, including heterochromatin 
disorganization. WRN protein 
thus functions in the mainte- 
nance of heterochromatin, and 
heterochromatin alterations 
may represent a driving force of 
human aging. — BAP 

Science, this issue p. 1160; 

see also p. 1093 
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BONE BIOLOGY 
Ascaffold for directing 
bone breakdown 


Too much bone breakdown by 
osteoclasts and not enough 
bone formation by osteoblasts 
can lead to osteoporosis. The 
cytokine RANKL and the kinase 
p38 stimulate precursor cells in 
the bone to become osteoclasts. 
Lin et al. found that the binding 
of RANKL to its receptor complex 
recruited the scaffold protein 
RACKI, leading to the activation 
of p38. RANKL was less effec- 
tive at stimulating osteoclast 
formation and bone loss in those 
portions of mouse skulls treated 
to reduce RACK1 levels than in 
untreated parts. These results 
provide a potential therapeutic 
target for osteoporosis. — JFF 


Sci. Signal. 8, ra54 (2015). 
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INTRODUCTION: The collection of viruses 
found to infect humans can have profound 
effects on human health. In addition to di- 
rectly causing acute or chronic illness, viral 
infection can alter host immunity in more 
subtle ways, leaving an indelible footprint on 
the immune system. This interplay between 
virome and host immunity 
has been implicated in the 
pathogenesis of complex 
diseases such as type 1 dia- 
betes, inflammatory bowel 
disease, and asthma. Despite 
the growing appreciation 
for the importance of inter- 
actions between the virome 
and host, a comprehensive 
method to systematically 
characterize these interactions 
has yet to be developed. 


RATIONALE: Current sero- 
logical methods to detect 
viral infections are predomi- 
nantly limited to testing 
one pathogen at a time and 
are therefore used primarily 
to address specific clinical 
hypotheses. A method that 
could simultaneously detect 
responses to all human vi- 
ruses would allow hypothesis- 
free analysis to detect as- 
sociations between past viral 
infections and particular diseases or pop- 
ulation structures. Humoral responses to infection 
typically arise within 10 to 14 days of initial 
exposure and can persist over years or decades, 
thus providing a rich source of the history of 
pathogen encounters. In this work, we present 
VirScan, a high-throughput method that allows 
comprehensive analysis of antiviral antibodies 
in human sera. VirScan uses DNA microarray 
synthesis and bacteriophage display to create 
a uniform, synthetic representation of peptide 
epitopes comprising the human virome. Immu- 
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noprecipitation and high-throughput DNA 
sequencing reveal the peptides recognized 
by antibodies in the sample. The analysis re- 
quires less than 1 ul of blood. 


RESULTS: We screened sera from 569 human 
donors across four continents, assaying a total 


of over 10° antibody-peptide interactions for 
reactivity to 206 human viral species and >1000 
strains. We found that VirScan’s performance in 
detecting known infections and distinguishing 
between exposures to related viruses is com- 
parable to that of classical serum antibody tests 
for single viruses. We detected antibodies to an 
average of 10 viral species per person and 84 
species in at least two individuals. Our approach 
maps antibody targets at 56-amino acid resolu- 
tion, and our results nearly double the number 
of previously established viral B cell epitopes. 


€ ee N 


Immunoprecipitation + Sequencing 


Although rates of specific virus exposure varied 
depending on age, HIV status, and geographic 
location of the donor, we observed strong 
similarities in antibody re- 
sponses across individ- 
Read the full article uals. In particular, we found 
at http://dx.doi. multiple instances of sin- 
org/10.1126/ gle peptides that were re- 
science.aaa0698 currently recognized by 
Meats aa asraseternn se ee 
jority of donors. We performed tiling muta- 
genesis and found that these antibody responses 
targeted substantially conserved “public epi- 
topes” for each virus, suggesting that antibodies 
with highly similar specificities, and possibly 
structures, are elicited across individuals. 


CONCLUSION: VirScan is a method that ena- 
bles human virome-wide exploration, at the epi- 
tope level, of immune responses in large numbers 
of individuals. We have demonstrated its ef- 
fectiveness for determining viral exposure and 
characterizing viral B cell epitopes in high 
throughput and at high resolution. Our prelim- 
inary studies have revealed intriguing general 
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Systematic viral epitope scanning (VirScan). This method allows comprehensive analysis of antiviral antibodies in 
human sera. VirScan combines DNA microarray synthesis and bacteriophage display to create a uniform, synthetic 
representation of peptide epitopes comprising the human virome. Immunoprecipitation and high-throughput DNA 
the peptides recognized by antibodies in the sample. The color of each cell in the heatmap depicts 
er of antigenic epitopes detected for a virus (rows) in each sample (columns). 


properties of the human immune system, 
both at the individual and the population scale. 
VirScan may prove to be an important tool for 
uncovering the effect of host-virome interactions 
on human health and disease and could easily 
be expanded to include new viruses as they are 
discovered, as well as other human pathogens, 
such as bacteria, fungi, and protozoa. & 
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The human virome plays important roles in health and immunity. However, current 
methods for detecting viral infections and antiviral responses have limited throughput and 
coverage. Here, we present VirScan, a high-throughput method to comprehensively analyze 
antiviral antibodies using immunoprecipitation and massively parallel DNA sequencing of a 
bacteriophage library displaying proteome-wide peptides from all human viruses. We 
assayed over 10° antibody-peptide interactions in 569 humans across four continents, 
nearly doubling the number of previously established viral epitopes. We detected 
antibodies to an average of 10 viral species per person and 84 species in at least two 
individuals. Although rates of specific virus exposure were heterogeneous across 
populations, antibody responses targeted strongly conserved “public epitopes” for each 
virus, suggesting that they may elicit highly similar antibodies. VirScan is a powerful 
approach for studying interactions between the virome and the immune system. 


he collection of viruses found to infect 
humans (the “human virome”) can have 
profound effects on human health (2). In 
addition to directly causing acute or chronic 
illness, viral infection can also alter host 
immunity in more subtle ways, leaving an in- 
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delible footprint on the immune system (2). For 
example, latent herpesvirus infection has been 
shown to confer symbiotic protection against 
bacterial infection in mice through prolonged 
production of interferon-y and systemic activa- 
tion of macrophages (3). This interplay between 
virome and host immunity has also been impli- 
cated in the pathogenesis of complex diseases 
such as type 1 diabetes, inflammatory bowel dis- 
ease, and asthma (4). Despite this growing ap- 
preciation for the importance of interactions 
between the virome and host, a comprehensive 
method to systematically characterize these inter- 
actions has yet to be developed (5). 

Viral infections can be detected by serological 
or nucleic acid-based methods (6). However, nu- 
cleic acid tests fail in cases where viruses have 
already been cleared after causing or initiating 
tissue damage and can miss viruses of low abun- 
dance or viruses not normally present in the 
sampled fluid or surface. In contrast, humoral re- 
sponses to infection typically arise within 2 weeks 
of initial exposure and can persist over years or 
decades (7). Tests detecting antiviral antibodies 
in peripheral blood can therefore identify on- 
going and cleared infections. However, current 
serological methods are predominantly limited 
to testing one virus at a time and are therefore 
only used to address specific clinical hypotheses. 
Scaling serological analyses to encompass the 
complete human virome poses substantial tech- 
nical challenges, but would be of great value 
for better understanding host-virus interactions 
and would overcome many of the limitations 


associated with current clinical technologies. 
In this work, we present VirScan, a programma- 
ble, high-throughput method to comprehensively 
analyze antiviral antibodies using immunopre- 
cipitation and massively parallel DNA sequencing 
of a bacteriophage library displaying proteome- 
wide coverage of peptides from all human viruses. 


Results 
The VirScan platform 


VirScan uses the phage immunoprecipitation 
sequencing (PhIP-seq) technology previously de- 
veloped in our laboratory (8). Briefly, we used a 
programmable DNA microarray to synthesize 
93,904 200-mer oligonucleotides, encoding 56- 
residue peptide tiles, with 28-residue overlaps, 
that together span the reference protein se- 
quences (collapsed to 90% identity) of all vi- 
ruses annotated to have human tropism in the 
UniProt database (Fig. 1A, a and b) (9). This li- 
brary includes peptides from 206 species of virus 
and over 1000 different strains. We cloned the 
library into a T7 bacteriophage display vector for 
screening (Fig. 1A, c). 

To perform a screen, we incubate the library 
with a serum sample containing antibodies, 
recover the antibodies by using a mixture of 
protein A- and G-coated magnetic beads, and 
remove unbound phage particles by washing 
(Fig. 1A, d and e). Last, we perform polymerase 
chain reaction (PCR) and massively parallel 
sequencing on the phage DNA to quantify en- 
richment of each library member resulting from 
antibody binding (Fig. 1A, f). Each sample is 
screened in duplicate to ensure reproducibility. 
VirScan requires only 2 ug of immunoglobulin 
(<1 ul of serum) per sample and can be auto- 
mated on a 96-well liquid handling robot (10). 
PCR product from 96 immunoprecipitations 
can be individually barcoded and pooled for se- 
quencing, reducing the cost for a comprehensive 
viral antibody screen to about $25 per sample. 

After sequencing, we tally the read count for 
each peptide before (“input”) and after (“output”) 
immunoprecipitation. We then fit a zero-inflated 
generalized Poisson model to the distribution of 
output read counts for each input read count and 
regress the parameters as a function of input read 
count (fig. S1). With use of this model, we cal- 
culate a -log;o(P value) for the significance of each 
peptide’s enrichment. Last, we call a peptide sig- 
nificantly enriched if its -log,)(P value) is greater 
than the reproducibility threshold of 2.3 in both 
replicates (fig. S2). 


Characterizing VirScan’s sensitivity 

and specificity 

Figure 1B shows the antibody profiles of a set of 
human viruses in sera from a typical group of 
individuals in a heat map format that illustrates 
the number of enriched peptides from each virus. 
We frequently detected antibodies to multiple 
peptides from common human viruses, such as 
Epstein-Barr virus (EBV), cytomegalovirus (CMV), 
and rhinovirus. As expected, we observed more 
peptides to be enriched from viruses with larger 
proteomes, such as EBV and CMV, likely because 
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there are more epitopes available for recognition. 
We noticed fewer enriched peptides in samples 
from individuals less than 10 years of age com- 
pared with their geographically matched controls, 
in line with an accumulation of viral infections 
throughout adolescence and adulthood. However, 
there were occasional samples from young donors 
with very strong responses to viruses that cause 


childhood illness, such as parvovirus B19 and 
herpesvirus 6B, which cause the “fifth disease” 
and “sixth disease” of the classical infectious 
childhood rashes, respectively (77). These obser- 
vations are examined in greater detail in Fig. 2. 
We developed a computational method to iden- 
tify the set of viruses to which an individual has 
been exposed, based on the number of enriched 


peptides identified per virus. Briefly, we set a thresh- 
old number of significant non-overlapping enriched 
peptides for each virus. We empirically determined 
that a threshold of three non-overlapping en- 
riched peptides gave the best performance for 
detecting herpes simplex virus 1 (HSV1) com- 
pared with a commercial serologic test, described 
below (Table 1). For other viruses, we adjusted the 
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Fig. 1. General VirScan analysis of the human virome. (A) Construction of 
the virome peptide library and VirScan screening procedure. (a) The virome 
peptide library consists of 93,904 56—-amino acid peptides tiling, with 28-amino 
acid overlap, across the proteomes of all known human viruses. (b) The 200-nt 
DNA sequences encoding the peptides were printed on a releasable DNA 
microarray. (c) The released DNA was amplified and cloned into a T7 phage 
display vector and packaged into virus particles displaying the encoded peptide 
on its surface. (d) The library is mixed with a sample containing antibodies that 
bind to their cognate peptide antigen on the phage surface. (e) The antibodies are 
immobilized, and unbound phage are washed away. (f) Last, amplification of the 
bound DNA and high-throughput sequencing of the insert DNA from bound 
phage reveals peptides targeted by sample antibodies. Ab, antibody; IP, im- 
munoprecipitation. (B) Antibody profile of randomly chosen group of donors to 
show typical assay results. Each row is a virus; each column is a sample. The 
abel above each chart indicates whether the donors are over 10 years of age or 
at most 10 years of age. The color intensity of each cell indicates the number of 
peptides from the virus that were significantly enriched by antibodies in the 
sample. (C) Scatter plot of the number of unique enriched peptides (after 
applying maximum parsimony filtering) detected in each sample against the 
viral load in that sample. Data are shown for the HCV-positive and HIV-positive 
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samples for which we were able to obtain viral load data. For the HIV-positive 
samples, red dots indicate samples from donors currently on highly active anti- 
retroviral therapy (HAART) at the time the sample was taken, whereas blue 
dots indicate different donors before undergoing therapy. IU, international 
units. (D) Overlap between enriched peptides detected by VirScan and human 
B cell epitopes from viruses in IEDB. The entire pink circle represents the 1392 
groups of nonredundant IEDB epitopes that are also present in the VirScan 
library (out of 1559 clusters total). The overlap region represents the number of 
groups with an epitope that is also contained in an enriched peptide detected 
by VirScan. The purple-only region represents the number of nonredundant 
enriched peptides detected by VirScan that do not contain an IEDB epitope. 
Data are shown for peptides enriched in at least one (left) or at least two (right) 
samples. (E) Overlap between enriched peptides detected by VirScan and 
human B cell epitopes in IEDB from common human viruses. The regions 
represent the same values as in (D) except only epitopes corresponding to the 
indicated virus are considered, and only peptides from that virus that were 
enriched in at least two samples were considered. (F) Distribution of number of 
viruses detected in each sample. The histogram depicts the frequency of 
samples binned by the number of virus species detected by VirScan. The mean 
and median of the distribution are both about 10 virus species. 
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threshold to account for the size of the viral 
proteome (fig. S3). Next, we tally the number of 
enriched peptides from each virus. Antibodies 
generated against a specific virus can cross-react 
with similar peptides from a related virus. This 
would lead to false positives, because an antibody 
targeted to an epitope from one virus to which a 
donor was exposed would also enrich a homolo- 
gous peptide from a related virus to which the 
donor may not have been exposed. In order to 
address this issue, we adopted a maximum par- 
simony approach to infer the fewest number of 
virus exposures that could elicit the observed 
spectrum of antiviral peptide antibodies. Groups 
of enriched peptides that share a seven-amino 
acid subsequence may be recognized by a single 
specific antibody, so we only count them as one 
epitope for the virus that has the greatest num- 
ber of other enriched peptides. If this adjusted 
peptide count is greater than the threshold for 
that virus, the sample is considered positive for 
the virus. For this analysis, we also filtered out 
peptides that were enriched in only 1 of the 569 
samples to avoid spurious hits. 

With this analytical framework, we measured 
the performance of VirScan by using serum sam- 
ples from individuals known to be infected or 
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not infected with human immunodeficiency vi- 
rus (HIV) and hepatitis C virus (HCV), based on 
commercial enzyme-linked immunosorbent assay 
(ELISA) and Western blot assays. For both vi- 
ruses, VirScan achieves very high sensitivities 
and specificities of ~95% or higher (Table 1) over 
a wide range of viral loads (Fig. 1C). The viral 
genotype was also known for the HCV-positive 
samples. Despite the over 70% amino acid se- 
quence conservation among HCV genotypes (12), 
which poses a problem for all antibody-based 
detection methods, VirScan correctly reported 
the HCV genotype in 69% of the samples. We also 
compared VirScan to a commercially available 
serology test that is type-specific for the highly 
related HSV1 and HSV2 (Table 1). These results 
demonstrate that VirScan performs well in dis- 
tinguishing between closely related viruses and 
viruses that range in size from small (HIV and 
HCV) to very large (HSV1 and HSV2) with high 
sensitivity and specificity. 


Population-level analysis of 
viral exposures 


After ascertaining the performance of VirScan 
for a panel of viruses, we undertook a large-scale 
screening of samples with unknown exposure 
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history. By using our multiplex approach, we as- 
sayed over 106 million antibody-peptide inter- 
actions with samples from 569 human donors in 
duplicate. We detected antibody responses to an 
average of 10 species of virus per sample (Fig. 1F). 
Each person is likely exposed to multiple distinct 
strains of some viral species. We detected anti- 
body responses to 62 of the 206 species of virus 
in our library in at least five individuals and 84 
species in at least two individuals. The most 
frequently detected viruses are generally those 
known to commonly infect humans (Table 2 and 
table S1). We occasionally detected what appear 
to be false positives that may be due to antibodies 
that cross-react with nonviral peptides. For exam- 
ple, 29% of the samples positive for cowpox vi- 
rus were right at the threshold of detection and 
had antibodies against a peptide from the C4L 
gene that shares an eight-amino acid sequence 
(SESDSDSD; D, Asp; E, Glu; S, Ser) with the 
clumping factor B protein from Staphylococcus 
aureus, against which humans are known to gen- 
erate antibodies (73). This will become less of an 
issue when we test more examples of sera from 
individuals with known infections to determine 
the set of likely antigenic peptides for a given 
virus. However, the fact that we do not detect 
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Fig. 2. Population stratification of the human virome immune response. The bar graphs depict the differences in exposure to viruses between donors who are 
(A) less than 10 years of age versus over 10 years of age, (B) HIV-positive versus HIV-negative, residing in the United States (C) residing in Peru versus residing in 
the United States, (D) residing in South Africa versus residing in the United States, and (E) residing in Thailand versus residing in the United States. Asterisks 


indicate false discovery rate < 0.05. 
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Table 1. VirScan’s sensitivity and specificity 
on samples with known viral infections. Sen- 
sitivity is the percentage of samples positive for 
the virus as determined by VirScan out of all n 
known positives. Specificity is the percentage of 
samples negative for the virus by VirScan out of 
all n known negatives. 


Virus Sensitivity (n) Specificity (n) 
HCV 92% (26)* 97%** (34) 
HIV1 95% (61)* 100% (33) 
HSV1 97% (38) 100% (6) 
HSV2 90% (20) 100% (24) 


*We found that, although the false negative samples 
did not meet our stringent cutoff for enriching multiple 
unique peptides, they had detectable antibodies to a 
recurrent epitope. By modifying the criterion to allow 
for samples that enrich multiple homologous peptides 
that share a recurrent epitope as described in the text, 
the sensitivity of detecting HCV increases to 100%, 
and the sensitivity for detecting HIV increases to 97%. 
This modified criterion does not significantly affect 
specificity (fig. S13). **The one false positive was from 
an individual whose HCV-negative status was self- 
reported, but who had antibodies to as many HCV 
peptides as 23% of the true HCV-positive individuals 
and is likely to be HCV-positive now or in the past. It is 
possible that this individual was exposed to HCV but 
cleared the infection. If true, the observed specificity 
for HCV is 100%. 


Table 2. Frequently detected viruses. The % 
column indicates the percentage of samples that 
were positive for the virus by VirScan. Known HIV- 
and HCV-positive samples were excluded when 
performing this analysis. 


Virus species % 

Human herpesvirus 4 871% 
Rhinovirus B 71.8% 
Human adenovirus C 71.8% 
Rhinovirus A 67.3% 
Human respiratory syncytial virus 65.7% 
Human herpesvirus 1 544% 
Influenza A virus 53.4% 
Human herpesvirus 6B 52.8% 
Human herpesvirus 5 48.5% 
Influenza B virus 40.5% 
Poliovirus 33.7% 
Human herpesvirus 3 24.3% 
Human adenovirus F 20.4% 
Human adenovirus B 16.8% 
Human herpesvirus 2 15.5% 
Enterovirus A 15.2% 
Enterovirus B 13.3% 


high rates of very rare viruses strengthens our 
confidence in VirScan’s specificity (see supple- 
mentary discussion). 

We frequently detected antibodies to rhino- 
virus and respiratory syncytial virus, which are 
normally found only in the respiratory tract, in- 
dicating that VirScan using blood samples is still 
able to detect viruses that do not cause viremia. 
We also detected antibodies to influenza, which 
is normally cleared, and poliovirus, to which most 
people in modern times generate antibodies 
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through vaccination. Because the original antigen 
is no longer present, we are likely detecting an- 
tibodies secreted by long-lived memory B cells (14). 

We detected antibodies to certain viruses 
less frequently than expected based on previous 
seroprevalence studies that used optimized serum 
ELISAs. For example, the frequency at which we 
detect influenza (53.4%) and poliovirus (33.7%) is 
lower than expected given that the majority of 
the population has been exposed to or vaccinated 
against these viruses. This may be due to reduced 
sensitivity because of a gradual narrowing and 
decrease of the long-lived B cell response in the 
absence of persistent antigen. We also rarely de- 
tected antibody responses to small viruses, such 
as JC virus (JCV) and torque teno virus, which are 
frequently detected by using specific tests. We 
believe that the disparity is due to low titers of 
antibodies to unmodified, linear epitopes from 
these viruses. For example, serum antibodies 
against the major capsid protein of JCV are re- 
ported to only recognize conformational epitopes 
(15). Last, the frequency of detecting varicella 
zoster virus (chicken pox) antibodies is also lower 
than expected (24.3%), even though the frequen- 
cy of detecting other latent herpesviruses, such as 
EBV (87.1%) and CMV (48.5%), is similar to the 
prevalence reported in epidemiological studies 
(16-18). This may reflect differences in how fre- 
quently these viruses shed antigens that stimu- 
late B cell responses or a more limited humoral 
response that relies on epitopes that cannot be 
detected in a 56-residue peptide. It might also be 
possible to increase the sensitivity of detection of 
these viral antibodies by stimulating memory B 
cells in vitro to probe the history of infection 
more deeply. 

To assess differences in viral exposure between 
populations, we split the samples into different 
groups based on age, HIV status, and geography. 
We first compared results from children under 
the age of 10 to adults within the United States 
(HIV-positive individuals were excluded from this 
analysis) (Fig. 2A). Fewer children were positive 
for most viruses, including EBV, HSV1, HSV2, 
and influenza virus, which is consistent with our 
preliminary observations comparing the number 
of enriched peptides (Fig. 1B). In addition to the 
fact that children may generate lower antibody 
titers in general, these younger donors probably 
have not yet been exposed to certain viruses, for 
example, HSV2, which is sexually transmitted (19). 

When comparing results from HIV-positive to 
HIV-negative samples, we found more of the HIV- 
positive samples to also be seropositive for addi- 
tional viruses, including HSV2, CMV, and Kaposi’s 
sarcoma-associated herpesvirus (KSHV) (false 
discovery rate g < 0.05, Fig. 2B). These results are 
consistent with prior studies indicating higher 
risk of these co-infections in HIV positive patients 
(20-22). Patients with HIV may engage in activ- 
ities that put them at higher risk for exposure to 
these viruses. Alternatively, these viruses may in- 
crease the risk of HIV infection. HIV infection 
may reduce the immune system’s ability to con- 
trol reactivation of normally dormant resident 
viruses or to prevent opportunistic infections 


from taking hold and triggering a strong adaptive 
immune response. 

Last, we compared evidence of viral exposure 
among samples taken from adult HIV-negative 
donors residing in countries (United States, Peru, 
Thailand, and South Africa) from four different 
continents. In general, donors outside the United 
States had higher frequencies of seropositivity 
(Fig. 2, C to E). For example, CMV antibodies 
were found in significantly higher frequencies in 
samples from Peru, Thailand, and South Africa. 
Other viruses, such as KSHV and HSVI, were de- 
tected more frequently in donors from Peru and 
South Africa but not Thailand. The observed de- 
tection frequency of different adenovirus species 
varies across populations. Adenovirus C seropos- 
itivity was found at similar frequencies in all 
regions, but adenovirus D seropositivity was gen- 
erally higher outside the United States, whereas 
adenovirus B seropositivity was higher in Peru 
and South Africa but not in Thailand. The higher 
rates of virus exposure outside the United States 
could be due to differences in population density, 
cultural practices, sanitation, or genetic suscep- 
tibility. Additionally, influenza B seropositivity 
was more common in the United States com- 
pared with other countries, especially Peru and 
Thailand. The global incidence of influenza B is 
much lower than influenza A, but the standard 
influenza vaccination contains both influenza A 
and B strains, so the elevated frequency of indi- 
viduals with seroreactivity may be due to higher 
rates of influenza vaccination in the United States. 
Other viruses, such as rhinovirus and EBV, were 
detected at very similar frequencies in all the 
geographic regions. 


Analysis of viral epitope determinants 


After analyzing responses on the whole-virus lev- 
el, we focused our attention on the specific pep- 
tides targeted by these antibodies. We detected 
antibodies to a total of 8425 peptides in at least 
two samples, and 15,052 in at least one sample. 
Because of the presence of many related peptides 
in our library and the Immune Epitope Database 
(IEDB), for the following analysis we consider a 
peptide unique only if it does not contain a con- 
tinuous seven-residue subsequence, the estimated 
size of a linear epitope, in common with another 
peptide. Analyzed as such, our VirScan database 
nearly doubles the 1559 unique human B cell ep- 
itopes from human viruses in the IEDB (23). The 
epitopes identified in our unbiased analysis dem- 
onstrate a significant overlap with those con- 
tained in the IEDB (P < 10-*°, Fisher’s exact text, 
Fig. 1D). The amount of overlap is even greater 
for epitopes from viruses that commonly cause 
infection (Fig. 1E). We would likely have detected 
even more antigenic peptides in common with 
the IEDB if we had tested more samples from 
individuals infected with rare viruses. We next 
analyzed the amino acid composition of recur- 
rently enriched peptides. Enriched peptides tend 
to have more proline and charged amino acids 
and fewer hydrophobic amino acids, which is 
consistent with a previous analysis of B cell ep- 
itopes in the IEDB (fig. S4) (24). This trend 
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likely reflects enrichment for amino acids that 
are surface-exposed or can form stronger inter- 
actions with antibodies. 


B cell responses target highly similar viral 
epitopes across individuals 


We compared the profile of peptides recognized 
by the antibody response in different individuals. 
We found that, for a given protein, each sample 
generally only had strong responses against one 
to three immunodominant peptides (Fig. 3). Un- 
expectedly, we found that the vast majority of 
seropositive samples for a given virus recognized 
the same immunodominant peptides, suggesting 
that the antiviral B cell response is highly stereo- 
typed across individuals. For example, in glyco- 
protein G from respiratory syncytial virus, there 
is only a single immunodominant peptide com- 
prising positions 141 to 196 that is targeted by all 
samples with detectable antibodies to the pro- 
tein, regardless of the country of origin (Fig. 3A). 


For other antigens, we observed interpopu- 
lation serological differences. For example, two 
overlapping peptides from positions 309 to 364 
and 337 to 392 of the penton base protein from 
adenovirus C frequently elicited antibody re- 
sponses (Fig. 3B). However, donors from the 
United States and South Africa had much stronger 
responses to peptide 309-364 (P < 10°, ¢ test) 
relative to donors from Thailand and Peru. We 
observed that, for the EBNAI protein from EBV, 
donors from all four countries frequently had 
strong responses to peptide 393-448 and occa- 
sionally to peptide 589-644. However, donors 
from Thailand and Peru had much stronger re- 
sponses to peptide 57-112 (P < 10°© t test) (Fig. 3C). 
These differences may reflect variation in the 
strains endemic in each region. In addition, poly- 
morphism of major histocompatibility complex 
(MHC) class II alleles, immunoglobulin genes, 
and other modifiers that shape immune re- 
sponses in each population likely play a role in 


defining the relative immunodominance of anti- 
genic peptides. 

To determine whether the humoral responses 
that target an immunodominant peptide are ac- 
tually targeting precisely the same epitope, we 
constructed single-, double-, and triple-alanine 
scanning mutagenesis libraries for eight common- 
ly recognized peptides. These were introduced 
into the same T7 bacteriophage display vector 
and subjected to the same immunoprecipitation 
and sequencing protocol using samples from the 
United States. Mutants that disrupt the epitope 
diminish antibody binding affinity and peptide 
enrichment. We found that, for all eight peptides 
tested, there was a single, largely contiguous sub- 
sequence in which mutations disrupted binding 
for the majority of samples. As expected, the tri- 
ple mutants abolished antibody binding to a 
greater extent, and the enrichment patterns were 
similar among single, double, and triple mutants 
of the same peptide (Fig. 4 and figs. S5 to S11). 
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For four of the eight peptides, a 9- to 15-amino 
acid region was critical for antibody recognition 
in >90% of samples (Fig. 4 and figs. S5 to S7). 
One other peptide had a region of similar size 
that was critical in about half of the samples (fig. 
S8). In another peptide, a single region was im- 
portant for antibody recognition in the majority 
of the samples, but the extents of the critical re- 
gion varied slightly for different samples, and 
occasionally there were donors that recognized a 
completely separate epitope (fig. S9). The remain- 
ing two peptides contained a single triple mutant 
that abolished binding in the majority of samples, 
but the critical region also extended further to 
different extents depending on the sample (figs. 
S10 and S11). Unexpectedly, in one of these pep- 
tides, in addition to the main region surrounding 
positions 13 and 14 that is critical for binding, a 
single Gly*°—Ala® (G36A) mutation disrupted 
binding in almost half of the samples, whereas 
none of the double- or triple-alanine mutants that 


also included the adjacent positions [Lys®’ (L35) 
and G37] affected binding (fig. S11). It is possible 
that G36 plays a role in helping the peptide adopt 
an antigenic conformation and multiple mutants 
containing the adjacent Leu or Gly residues res- 
cue this ability. We occasionally saw other exam- 
ples of mutations that resulted in patterns of 
disrupted binding with no simple explanation, 
illustrating the complexity of antibody-antigen 
interaction. 

The discovery of recurring targeted epitopes 
led us to ask whether we could apply this knowl- 
edge to improve the sensitivity of viral detection 
with VirScan. We hypothesized that samples 
showing a strong response to a recurrently tar- 
geted “diagnostic” peptide, which we defined as 
a peptide enriched in at least 30% of known pos- 
itive samples, are likely to be seropositive even if 
they do not meet our stringent cutoff requiring 
at least two non-overlapping enriched peptides. 
We tested how this modified criterion affected 
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Fig. 4. Recognition of common epitopes within an antigenic peptide from human adenovirus C 
penton protein (L2) across individuals. Each row is a sample. Each column denotes the first mutated 
position for the (A) single-, (B) double-, and (C) triple-alanine mutant peptide starting with the N terminus 
on the left. Each double- and triple-alanine mutant contains two or three adjacent mutations, respectively, 
extending toward the C terminus from the colored cell. The color intensity of each cell indicates the 
enrichment of the mutant peptide relative to the wild-type. For double-mutants, the last position is blank. 
The same is true for the last two positions for triple mutants. Data shown are the mean of two replicates. 
Single-letter amino acid abbreviations are as follows: F, Phe; H, His; |, lle; K, Lys; N, Asn; P, Pro; Q, Gln; R, 


Arg; T, Thr; V, Val; and Y, Tyr. 
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our sensitivity and specificity in detecting HIV 
and HCV and found that it reduced the number 
of false negatives without affecting the specificity 
of the assay (fig. S13). We next turned our atten- 
tion to respiratory syncytial virus (RSV), a virus 
for which our detected seroprevalence was lower 
than reported epidemiological rates, suggesting 
imperfect sensitivity of our assay. We tested sera 
from 60 individuals for antibodies to RSV by 
ELISA and found that 95% were positive, above 
the reported sensitivity of the assay and consist- 
ent with near-universal exposure to this patho- 
gen. Applying the modified criterion to these 
samples increased our rate of detection by VirScan 
from 63% to 97% (table $2). These data suggest 
that assigning more weight to recurrently tar- 
geted epitopes can enhance the sensitivity of 
VirScan and that the performance of the assay 
can be improved by screening known positives 
for a particular virus. 


Discussion 


We have developed VirScan, a technology for 
identifying viral exposure and B cell epitopes 
across the entire known human virome in a sin- 
gle, multiplex reaction using less than a drop of 
blood. VirScan uses DNA microarray synthesis 
and bacteriophage display to create a uniform, 
synthetic representation of peptide epitopes com- 
prising the human virome. Immunoprecipitation 
and high-throughput DNA sequencing reveals 
the peptides recognized by antibodies in the sam- 
ple. VirScan is easily automated in 96-well format 
to enable high-throughput sample processing. 
Barcoding of samples during PCR enables pooled 
analysis that can dramatically reduce the per- 
sample cost. The VirScan approach has several 
advantages for studying the effect of viruses on 
the host immune system. By detecting antibody 
responses, it can identify infectious agents that 
have been cleared after an effective host response. 
Current serological methods of antiviral anti- 
body detection typically use the selection of a 
single optimized antigen in order to achieve high 
accuracy. In contrast, VirScan’s unique approach 
does not require such optimization in order to 
obtain similar performance. VirScan achieves 
sensitive detection by assaying each virus’s com- 
plete proteome to detect any antibodies directed 
to epitopes that can be captured in a 56-residue 
fragment and specificity by computationally 
eliminating cross-reactive antibodies. This un- 
biased approach identifies exposure to less well- 
studied viruses for which optimal serological 
antigens are not known and can be rapidly ex- 
tended to include new viruses as they are dis- 
covered (25). 

Although sensitive and selective, VirScan has a 
few limitations. First, it cannot detect epitopes 
that require post-translational modifications. Sec- 
ondly, it cannot detect epitopes that involve 
discontinuous sequences on protein fragments 
greater than 56 residues. In principle, the latter 
can be overcome by using alternative technologies 
that allow for the display of full-length proteins, 
such as parallel analysis of translated open read- 
ing frames (PLATO) (26). Third, VirScan is likely 
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to be less specific compared with certain nucleic 
acid tests that discern highly related virus strains. 
However, VirScan demonstrates excellent sero- 
logical discrimination among similar virus species, 
such as HSV1 and HSV2, and can even distinguish 
the genotype of HCV 69% of the time. We envision 
that VirScan will become an important tool for 
first-pass unbiased serologic screening appli- 
cations. Individual viruses or viral proteins un- 
covered in this way can subsequently be analyzed 
in further detail by using more focused assays, as 
we have demonstrated for a panel of immunodo- 
minant epitopes. 

We have demonstrated that VirScan is a sen- 
sitive and specific assay for detecting exposure to 
viruses across the human virome. Because it can 
be performed in high-throughput and requires 
minimal sample and cost, VirScan enables rapid 
and cost-effective screening of large numbers of 
samples to identify population-level differences 
in virus exposure across the human virome. In 
this work, we analyzed over 106 million anti- 
body-viral peptide interactions in a comprehen- 
sive study of pan-virus serology in a large, diverse 
population. In doing so we detected 84 different 
viral species in two or more individuals. This is 
likely to be an underestimate of the history of 
viral infection, because only low levels of circu- 
lating antibodies may remain from infections 
that were cleared in the distant past. In addition, 
an individual could be infected by multiple dis- 
tinct strains of each viral species. We identified 
known and novel differences in virus exposure 
between groups differing in age, HIV status, and 
geographic location across four different con- 
tinents. Our results are largely consistent with 
previous studies, validating the effectiveness of 
VirScan. For example, CMV antibodies were found 
in significantly higher frequencies in Peru, Thai- 
land, and South Africa, whereas KSHV and HSV1 
antibodies were detected more frequently in Peru 
and South Africa but not in Thailand (6, 27-37). 
We also uncovered previously undocumented 
serological differences, such as an increased rate 
of antibodies against adenovirus B and RSV in 
HIV-positive individuals compared with HIV- 
negative individuals. These differences may pro- 
vide insight into how HIV co-infection alters the 
balance between host immunity and resident 
viruses, as well as help to identify pathogens that 
may increase susceptibility to HIV and other 
heterologous infections. HIV infection may re- 
duce the immune system’s ability to control re- 
activation of normally dormant resident viruses 
or to prevent opportunistic infections from taking 
hold and triggering a strong adaptive immune 
response. Beyond the epidemiological applica- 
tions demonstrated here, VirScan could also be 
applied to identify viral exposures that correlate 
with disease or other phenotypes in virome-wide 
association studies. 

Our results identified a large number of novel 
B cell epitopes, cumulatively nearly doubling the 
number of all previously identified viral epitopes. 
We have used our data to identify globally im- 
munodominant and commonly recognized “pub- 
lic” epitopes. For most species of viruses, one or 
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more peptides are individually recognized in 
over 70% to 95% of samples positive for that 
species (table S3). We identified a set of two pep- 
tides that together are recognized by >95% of 
all screened samples and a set of five peptides 
that together are recognized in >99% of screened 
samples. These public epitopes could be used 
to improve vaccine design by piggybacking on 
the existing antibody response against them. 
Fusing a public B cell epitope to a protein in a 
vaccine to which we hope to induce an immune 
response may increase a vaccine’s efficacy among 
a broad population by improving presentation 
of that protein and aiding affinity maturation. 
Preexisting B cells recognizing the public epi- 
tope can act as antigen presenting cells to pro- 
cess and present T cell epitopes of the fused 
vaccine target on MHC class I and II (32). An- 
tibodies secreted by these B cells can also par- 
ticipate in immune complexes with the fused 
vaccine target, which are critical for follicular 
dendritic cells to prime class switching and af- 
finity maturation of B cells recognizing other 
epitopes on the fused antigen (33). Last, we 
demonstrated that applying more weight to 
these public epitopes increases the sensitivity 
of VirScan without significantly affecting spec- 
ificity, suggesting that this limited subset of pep- 
tides can serve as the basis for the next generation 
of our assay or for other novel diagnostics. 

We also found that the precise epitopes re- 
cognized by the B cell response are highly similar 
among individuals across many viral proteins. 
One possible model for this notable similarity is 
that these regions possess properties favorable 
for antigenicity, such as accessibility. Another 
model is that the same or highly similar B cell 
receptor sequences that recognize these epitopes 
are commonly generated. Identical T cell receptor 
sequences (“public” clonotypes) have been found 
in multiple individuals and are thought to be the 
result of biases during the recombination proc- 
ess that favor certain amino acid sequences 
(34). V(D)J recombination of the immunoglobulin 
heavy- and light-chain loci is also heavily biased 
(35). Highly similar or even identical complemen- 
tarity determining region 3 (CDR3) sequences 
have been observed in dengue virus-specific an- 
tibodies from different individuals (36). It is pos- 
sible that, rather than being an exception for 
dengue-specific antibodies, this represents a 
general phenomenon: Inherent biases in V(D)J 
recombination generate the same or similar an- 
tibodies in multiple individuals that recognize 
highly similar epitopes. Slight differences in the 
antibody CDR3 sequence may subtly alter antibody- 
antigen interaction, leading to the slight var- 
iations observed in the extent of critical epitope 
regions. Sequencing of antigen-specific antibody 
genes will be required to investigate these pos- 
sibilities. The same principle may also apply to T 
cell epitopes and their cognate T cell receptors. 

VirScan is a method that enables human 
virome-wide exploration—at the epitope level— 
of immune responses in large numbers of indi- 
viduals. We have demonstrated its effectiveness 
for determining viral exposure and characteriz- 


ing viral B cell epitopes in high throughput and 
at high resolution. Our preliminary studies have 
revealed intriguing general properties of the hu- 
man immune system, both at the individual and 
population scale. VirScan will be an important 
tool in uncovering the effect of host-virome in- 
teractions on human health and disease and 
could easily be expanded to include other human 
pathogens such as bacteria, fungi, and protozoa. 


Materials and methods 
Human donor samples 


Specimens originating from human donors were 
collected after informed written consent was ob- 
tained and under a protocol approved by the local 
governing human research protection committee. 
Secondary use of all samples for the purposes 
of this work was exempted by the Brigham and 
Women’s Hospital Institutional Review Board 
(protocol number 2013P001337). Samples included 
donors residing in Thailand (7 = 48), Peru (7 = 
48), South Africa (2 = 48), and the Unites States, 
including HIV* donors (n = 61) and HCV* donors 
(n = 26). All serum and plasma samples were 
stored in aliquots at -80°C until use. 


Design and cloning of viral peptide 
and scanning mutagenesis 
library sequences 


For the virome peptide library, we first down- 
loaded all protein sequences in the UniProt data- 
base from viruses with human host and collapsed 
on 90% sequence identity [www.uniprot.org/ 
uniref/?query=uniprot:(host: “Human+[9606]”)+ 
identity:0.9]. The clustering algorithm UniProt 
represents each group of protein sequences 
sharing at least 90% sequence similarity with a 
single representative sequence. Then, we created 
56-amino acid (aa) peptide sequences tiling 
through all the proteins with 28-aa overlap. We 
reverse-translated these peptide sequences into 
DNA codons optimized for expression in Esche- 
richia coli, making synonymous mutations when 
necessary to avoid restriction sites used in sub- 
sequent cloning steps (EcoRI and Xhol). Last, 
we added the adapter sequence AGGAATTC- 
CGCTGCGT to the 5’ end and CAGGGAAGA- 
GCTCGAA to the 3’ end to form the 200-nucleotide 
(nt) oligonucleotide sequences. 

For the scanning mutagenesis library, we first 
took the sequences of the peptides to be muta- 
genized. For each peptide, we made all single- 
mutant, and consecutive double- and triple-mutant, 
sequences scanning through the whole peptide. 
Non-alanine amino acids were mutated to ala- 
nine, and alanines were mutated to glycine. We 
reverse-translated these peptide sequences into 
DNA codons, making synonymous mutations 
when necessary to avoid restriction sites used in 
subsequent cloning steps (EcoRI and Xhol). We 
also made synonymous mutations to ensure that 
the 50 nt at the 5’ end of peptide sequence is 
unique to allow unambiguous mapping of the 
sequencing results. Last, we added the adapter 
sequence AGGAATTCCGCTGCGT to the 5’ end 
and CAGGGAAGAGCTCGAA to the 3’ end to form 
the 200-nt oligonucleotide sequences. 
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The 200-nt oligonucleotide sequences were 
synthesized on a releasable DNA microarray. We 
PCR-amplified the DNA with the primers T7-PFA 
AATGATACGGCGGGAATTCCGCTGCGT) and T7- 
PRA (CAAGCAGAAGACTCGAGCTCTTCCCTG), di- 
gested the product with EcoRI and XhoI, and 
cloned the fragment into the EcoRI/Sall site of 
the T7FNS2 vector (8). The resulting library was 
packaged into T7 bacteriophage by using the T7 
Select Packaging Kit (EMD Millipore) and ampli- 
fied by using the manufacturer suggested protocol. 


Phage immunoprecipitation 
and sequencing 


We performed phage immunoprecipitation and 
sequencing by using a slightly modified version of 
previously published PhIP-Seq protocols (8, 10). 
First, we blocked each well of a 96-deep-well plate 
with 1 ml of 3% bovine serum albumin in TBST 
overnight on a rotator at 4°C. To each preblocked 
well, we added sera or plasma containing about 
2 ug of immunoglobulin G (IgG) [quantified using 
a Human IgG ELISA Quantitation Set (Bethyl 
Laboratories)] and 1 ml of the bacteriophage 
library diluted to ~2 x 10° fold representation 
(2 x 10° plaque-forming units for a library of 
10° clones) in phage extraction buffer (20 mM 
Tris-HCl, pH 8.0, 100 mM NaCl, 6 mM MgSO,). 
We performed two technical replicates for each 
sample. We allowed the antibodies to bind the 
phage overnight on a rotator at 4°C. The next 
day, we added 20 ul each of magnetic protein A 
and protein G Dynabeads (Invitrogen) to each 
well and allowed immunoprecipitation to occur 
for 4 hours on a rotator at 4°C. With a 96-well 
magnetic stand, we then washed the beads three 
times with 400 ul of PhIP-Seq wash buffer (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40). After 
the final wash, we resuspended the beads in 
40 ul of water and lysed the phage at 95°C for 
10 m. We also lysed phage from the library before 
immunoprecipitation (“input”) and after immu- 
noprecipitation with beads alone. 

We prepared the DNA for multiplexed II- 
lumina sequencing by using a slightly modified 
version of a previously published protocol (36). We 
performed two rounds of PCR amplification on the 
lysed phage material using hot start Q5 polymerase 
according to the manufacturer-suggested protocol 
(NEB). The first round of PCR used the primers 
IS7_HsORF5_2 (ACACTCTTTCCCTACACGACTC- 
CAGTCAGGTGTGATGCTC) and IS8_HsORF3_2 
(GIGACTGGAGTTCAGACGTGTGCTCTTCCGATCC- 
GAGCTTATCGTCGTCATCC). The second round 
of PCR used 1 ul of the first-round product and 
the primers IS4_HsORF5_2 (AATGATACGGCGA- 
CCACCGAGATCTACACTCTTTCCCTACACGACTC- 
CAGT) and a different unique indexing primer 
for each sample to be multiplexed for sequencing 
(CAAGCAGAAGACGGCATACGAGATXxxxxxx- 
GTGACTGGAGTTCAGACGTGT, where “xxxxxxx” 
denotes a unique 7-nt indexing sequence). After 
the second round of PCR, we determined the 
DNA concentration of each sample by quan- 
titative PCR and pooled equimolar amounts of 
all samples for gel extraction. After gel extraction, 
the pooled DNA was sequenced by the Harvard 
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Medical School Biopolymers Facility using a 50- 
base pair read cycle on an Illumina HiSeq 2000 or 
2500. We pooled up to 192 samples for sequencing 
on each lane and generally obtained ~100 mil- 
lion to 200 million reads per lane (500,000 to 
1,000,000 reads per sample). 


Informatics and statistical analysis 


We performed the initial informatics and statis- 
tical analysis by using a slightly modified version 
of the previously published technique (8, 10). We 
first mapped the sequencing reads to the original 
library sequences by using Bowtie and counted 
the frequency of each clone in the “input” and 
each sample “output” (37). Because the majority 
of clones are not enriched, we used the observed 
distribution of output counts as a null distribu- 
tion. We found that a zero-inflated generalized 
poisson distribution fits our output counts well. 
We used this null distribution to calculate a P 
value for the likelihood of enrichment for each 
clone. The probability mass function for the zero- 
inflated generalized poisson distribution is 


P(Y=y) 
= { n+(1-1)[0(0 +A)” 7c"), y =0 
~ (1 - n)[0(0 +4)" 'e° 4], y > 0 


We used maximum likelihood estimation to 
regress the parameters z, 0, and A to fit the dis- 
tribution of counts after immunoprecipitation 
for all clones present at a particular frequency 
count in the input. We repeated this procedure 
for all of the observed input counts and found 
that 6 and 2 are well fit by linear regression and 1 
by an exponential regression as a function of in- 
put count (fig. S1). Last, for each clone we used its 
input count and the regression results to deter- 
mine the null distribution based on the zero- 
inflated generalized poisson model, which we 
used to calculate the -logio(P value) of obtain- 
ing the observed count. 

To call hits, we determined the threshold for 
reproducibility between technical replicates based 
on a previously published method (JO). Briefly, 
we made scatter plots of the logyo of the -logyo (P 
values) and used a sliding window of width 0.005 
from 0 to 2 across the axis of one replicate. For all 
the clones that fell within each window, we cal- 
culated the median and median absolute devia- 
tion of the logy, of the -logy) (P values) in the 
other replicate and plotted it against the window 
location (fig. S2). We called the threshold for re- 
producibility the first window in which the me- 
dian was greater than the median absolute 
deviation. We found that the distribution of the 
threshold -logy, (P value) was centered around a 
mean of ~2.3 (fig. S12). So we called a peptide a 
hit if the -logy) (P value) was at least 2.3 in both 
replicates. We eliminated the 593 hits that came 
up in at least 3 of the 22 immunoprecipitations 
with beads alone (negative control for nonspecific 
binding). We also filtered out any peptides that 
were not enriched in at least two of the samples. 

To call virus exposures, we grouped peptides 
according to the virus the peptide is derived 


from. We grouped all peptides from individual vi- 
ral strains for which we had complete proteomes. 
The sample was counted as positive for a species if 
it was positive for any strain from that species. For 
viral strains that had partial proteomes, we grouped 
them with other strains from the same species to 
form a complete set and bioinformatically elim- 
inated homologous peptides (see next para- 
graph). We set a threshold number of hits per 
virus based on the size of the virus. We found 
that there is approximately a power-law relation- 
ship between size of the virus and the average 
number of hits per sample (fig. S3). In comparing 
results from VirScan to samples with known in- 
fection, we empirically determined that a thresh- 
old of three hits for HSV1 worked the best. We 
used this value and the slope of the best fit line 
to scale the threshold for other viruses. We also 
set a minimum threshold of at least two hits in 
order to avoid false positives from single spuri- 
ous hits. 

To bioinformatically remove cross-reactive an- 
tibodies, we first sorted the viruses by total num- 
ber of hits in descending order. We then iterated 
through each virus in this order. For each virus, 
we iterated through each peptide hit. If the hit 
shared a subsequence of at least 7 aa with any hit 
previously observed in any of the viruses from 
that sample, that hit was considered to be from a 
cross-reactive antibody and would be ignored for 
that virus. Otherwise, the hit is considered to be 
specific, and the score for that virus is incre- 
mented by one. In this way, we summed only the 
peptide hits that do not share any linear epi- 
topes. We compared the final score for each virus 
to the threshold for that virus to determine wheth- 
er the sample is positive for exposure to that virus. 

To identify differences between populations, 
we first used Fisher’s exact test to calculate a P 
value for the significance of association of virus 
exposure with one population versus another. 
Then, we constructed a null distribution of Fisher’s 
exact P values by randomly permuting the sam- 
ple labels 1000 times and recalculating the Fisher's 
exact P value for each virus. With use of this null 
distribution, we calculated the false discovery rate 
by dividing the number of permutation P values 
more extreme than the one observed by the total 
number of permutations. 


IEDB epitope overlap analysis 


We downloaded data for all continuous human B 
cell epitopes from IEDB and filtered out all non- 
viral epitopes (22). To avoid redundancy in these 
4549 viral epitopes, we grouped together epi- 
topes that are 100% identical or share a 7-aa sub- 
sequence, giving us 1559 nonredundant epitope 
groups. Of these groups, 1392 contain a member 
epitope that is also a subsequence of a peptide in 
the VirScan library. This represents the total 
number of epitopes we could detect by VirScan. 
To determine the number of epitopes we de- 
tected, we tallied the number of epitope groups 
with at least one member that is contained in a 
peptide that was enriched in one or two samples. 
Last, to determine the number of nonredundant 
new epitopes we detected, we grouped non-IEDB 
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epitopes containing peptides that share a seven- 
residue subsequence and counted the number of 
these nonredundant peptide groups. 


Scanning mutagenesis data analysis 


First, we estimated the fractional abundance of 
each peptide by dividing the number of reads 
for that peptide by the total number of reads for 
the sample. Then, we divided the fractional abun- 
dance of each peptide after immunoprecipitation 
by the fractional abundance before immunopre- 
cipitation to get the enrichment. To calculate 
relative enrichment, we divided enrichment of 
the mutated peptide by enrichment of the wild- 
type peptide. Because most of the single-mutant 
peptides had wild-type levels of enrichment, we 
averaged enrichment of the wild-type peptide 
enrichment with the middle two quartiles of en- 
richment of single-mutant peptides to get a bet- 
ter estimate of the wild-type peptide enrichment. 


RSV and HSV1 and 2 serology 


Serum from 44 donors was tested for HSV1 and 
HSV2 antibodies by using the HerpeSelect 1 and 2 
Immunoblot IgG kit (Focus Diagnostics) accord- 
ing to manufacturer’s protocol. Serum from 60 do- 
nors was tested for RSV antibodies by using 
anti-RSV IgG Human ELISA Kit (ab108765) ac- 
cording to manufacturer’s protocol. 
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ANTIBIOTICS 


Targeting DnaN for tuberculosis 
therapy using novel griselimycins 
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The discovery of Streptomyces-produced streptomycin founded the age of tuberculosis 
therapy. Despite the subsequent development of a curative regimen for this disease, 
tuberculosis remains a worldwide problem, and the emergence of multidrug-resistant 
Mycobacterium tuberculosis has prioritized the need for new drugs. Here we show that new 
optimized derivatives from Streptomyces-derived griselimycin are highly active against 
M. tuberculosis, both in vitro and in vivo, by inhibiting the DNA polymerase sliding clamp 
DnaN. We discovered that resistance to griselimycins, occurring at very low frequency, is 
associated with amplification of a chromosomal segment containing dnaN, as well as the 
ori site. Our results demonstrate that griselimycins have high translational potential for 
tuberculosis treatment, validate DnaN as an antimicrobial target, and capture the process 


of antibiotic pressure-induced gene amplification. 


he discovery of streptomycin, a natural anti- 
biotic produced by Streptomyces griseus, 
marked the beginning of two formative 
disciplines within the field of infectious 
diseases—namely, the study of bacterial- 
derived (rather than fungal- or plant-derived) me- 
dicinal compounds and the drug treatment of 
tuberculosis (TB) (J). This achievement initiated 
decades of research in the discovery and use of 
anti-TB drugs, ultimately leading to the develop- 
ment of the 6-month, multidrug regimen currently 
used for the cure of drug-susceptible TB (2). Un- 
fortunately, failures in the implementation of this 
curative regimen, which are partly due to the chal- 
lenges of its complex and lengthy nature, have 
led to the development and transmission of drug- 
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resistant strains of Mycobacterium tuberculosis. 
Today, TB remains an enormous global health 
burden, causing an estimated 1.3 million deaths 
and 8.7 million new cases in 2012, and a growing 
percentage of TB (more than 30% of new cases in 
some countries) is multidrug-resistant (3). Thus, 
new drugs addressing novel M. tuberculosis tar- 
gets are needed to provide different therapy op- 
tions for patients with drug-resistant TB and also 
to both shorten and simplify treatment of drug- 
sensitive TB. Ideally, these new drugs should 
be combined in regimens tackling both drug- 
sensitive and drug-resistant TB, representing a 
paradigm shift toward more universally useful 
TB treatment regimens. 

Bacterial-derived natural products remain a 
rich source for antibacterial lead compounds. In 
fact, ~80% of the currently used antibiotics are 
either directly derived from bacterial metabolic 
pathways or represent structural derivatives of 
metabolites with improved pharmaceutical prop- 
erties (4). However, due to the reduced interest in 
development of antibacterial drugs in the last 
decades of the 20th century, quite a number of 
promising natural product leads were not ad- 
vanced to clinical development. Recently, natural 
product and antibiotic research has been revi- 
talized, not only because of the urgent need to 
identify novel antibiotics but also owing to ad- 
vanced technologies becoming available. Thus, 
researchers are now enabled to overcome hurdles 
in natural product research, such as target iden- 
tification by deciphering the self-resistance mech- 
anisms in producer strains through whole-genome 
sequencing and compound optimization by ge- 


netic engineering. Successful recent applications 
of these capabilities include the derivation of 
semisynthetic spectinamides found to be highly 
active against both drug-resistant and -susceptible 
M. tuberculosis strains (5) and the identifica- 
tion of InhA as the mycobacterial target of the 
Dactylosporangium fuluum-produced pyrido- 
mycin (6). 

In a search for neglected antibiotics with high 
anti-TB potential, Sanofi reinvestigated griseli- 
mycin (GM) (Fig. 1), a cyclic peptide that was iso- 
lated from two strains of Streptomyces identified 
in the 1960s (7). GM was found to have anti- 
bacterial activity specifically against organisms 
within the Corynebacterineae suborder, notably 
including Mycobacterium species, which prompted 
the company Rhéne-Poulenc to pursue develop- 
ment of GM as an anti-TB drug. The first hu- 
man studies were promising but revealed poor 
pharmacokinetics of GM, in particular short plas- 
ma elimination half-life after oral administration 
(8, 9). Following elucidation of the compound’s 
structure (JO, 11), a derivatization program was 
initiated to find GM analogs with improved phar- 
macokinetic properties (72, 13); however, this pro- 
gram was terminated in the 1970s after rifampin 
(RIF) became available for TB treatment. Because 
of earlier reports of the effectiveness of GM against 
drug-resistant M7. tuberculosis (14, 15), we recently 
reinitiated studies on this natural product lead 
with the ultimate goal of introducing a highly ac- 
tive, stable, and safe derivative of this compound 
class into the TB drug development pipeline. 


Development of GM analogs 


Our primary optimization goals for GM were to 
increase its potency, metabolic stability, and ex- 
posure. Metabolic stability profiling of natural, 
less abundant analogs of GM identified Pro® as a 
main site of metabolic degradation, supported by 
the finding that the methyl derivative [methyl- 
griselimycin (MGM)] (Fig. 1) was markedly more 
stable than GM itself after incubation with hu- 
man liver microsomes (Table 1). Because only very 
small amounts of MGM are produced naturally, 
a total synthesis route was elaborated to provide 
access to MGM and related analogs (see supple- 
mentary text). Structure-activity relationships of 
new synthetic GM analogs resulting from this 
approach confirmed that incorporation of sub- 
stituents at Pro® led to metabolically highly stable 
compounds and also indicated that increasing 
lipophilicity considerably increased in vivo ex- 
posure in plasma and lungs of mice, as well as 
in vitro activity against M. tuberculosis (see sup- 
plementary text). From these efforts, cyclohexyl- 
griselimycin (CGM) (Fig. 1) was identified. The 
minimum inhibitory concentration (MIC) values 
of CGM were 0.06 and 0.2 ug/ml for the drug- 
susceptible M. tuberculosis strain H37Rv in broth 
culture and within macrophage-like (RAW264.7) 
cells, respectively (Table 1). CGM exhibited time- 
dependent bactericidal activity in vitro (Fig. 2A). 
Although the unbound fraction of CGM in plasma 
was low (0.3 and 0.4% in human and mouse 
plasma, respectively), the MIC shift of CGM in 
the presence of human or mouse sera was only 
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around five- or sevenfold, respectively (Table 1). 
The MIC values of CGM were similar for a range 
of M. tuberculosis strains from different lineages 
(representing geographical and evolutionary di- 
versity), as well as for strains monoresistant to 
first- or second-line anti-TB drugs (table S1), 
demonstrating a lack of cross-resistance. GM, 
MGM, and CGM were not active against M. 
tuberculosis under hypoxic conditions in which 
the bacteria were not actively multiplying (Table 1). 
CGM exhibited optimized adsorption, distri- 


Fig. 1. Chemical structure of GM and 
derivatives. Substitutions at Pro® 
increased metabolic stability. 


bution, metabolism, and excretion properties; 
that is, high oral bioavailability (89%), moder- 
ate total plasma clearance (1.1 liter/hour per 
kilogram), and a large volume of distribution 
(5.5 liter/kg). Exposure and half-life in mice (sup- 
portive of once-daily dosing) were higher than 
for GM and MGM. In addition, over the 30- to 
100-mg/kg dose range, CGM exposure in plasma 
and lung increased roughly with dose propor- 
tionality and continued to increase over the 100- 
to 600-mg/kg dose range (table S2). Moreover, 


1 R=H Griselimycin (GM) 
2 R= Me Methylgriselimycin (MGM) 
3 R = Cyclohexyl Cyclohexylgriselimycin (CGM) 


Table 1. Optimization parameters for GM and derivatives. C,,,,., Maximum concentration; AUC, area 
under the concentration curve; Vss, volume of distribution; ty,, half-life; nd, not determined. Pharmaco- 
kinetic parameters (Cmax, AUC, and t:,) were determined after a single oral administration of 30 mg/kg of 
the test compound in mice. For oral bioavailability, a single oral dose was compared to a single intravenous 
dose of 3 mg/kg. F = [AUC ga J/[AUCiy], the ratio of exposure of an equivalent dose after nonintravenous 
(in this case, oral) and intravenous administration as a measure of bioavailability. 


Compound 
Optimization parameter 
GM MGM CGM 
MIC (ug/ml) for M. tuberculosis in liquid culture 1 0.6 0.06 
MIC (ug/ml) for M. tuberculosis in liquid culture 1.2 0.9 0.3 
containing 25% human serum 
MIC (ug/ml) for M. tuberculosis in liquid culture 1.2 0.8 0.4 
containing 25% mouse serum 
MIC (ug/ml) for M. tuberculosis in liquid culture >33 >33 >35 
under anaerobic conditions 
MIC (ug/ml) for M. tuberculosis in macrophages 6.2 2.1 0.2 
Unbound fraction (%) in human plasma nd 79 0.3 
Unbound fraction (%) in mouse plasma nd 11.9 0.4 
Metabolic stability in human liver microsomes 62 100 86 
(% remaining compound after 20 min) 
Metabolic degradation/clearance from 1875 3 6.75 
human liver microsomes (ul/min per mg) 
CYP1A2, CYP2B6, and CYP3A induction (Yes/No) nd nd No 
CYP3A4 inhibition (ug/ml) >33 >33 >35 
Contribution of CYP3A4 to degradation in 38 nd 19 
human liver microsomes (%) 
Crnax (ng/ml) in plasma 3900 2820 2620 
Crnax (Ng/g) in lung tissue 2580 8550 8850 
AUC (ng-hour/ml) in plasma 5100 6600 23,000 
AUC (ng-hour/ml) in lung tissue 5900 12,000 70,000 
Clearance (liters/hour per kg) 24 21 11 
V;5 (liters/kg) 1.2 1.6 55 
ty, (hours) in plasma 2.0 24 4.3 
ty, (hours) in lung tissue 3.9 43 4.3 
Oral bioavailability (F) (%) 48 47 89 
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CGM exhibited limited potential for drug-drug 
interactions, as neither CYP induction nor inhi- 
bition was observed, and the contribution of 
CYP to degradation was balanced, indicating 
that induction of CYPs by other drugs should not 
affect CGM exposures (Table 1). CGM (at concen- 
trations up to 5000 ug/ml) did not increase the 
number of revertant colonies in Ames II test- 
ing with TA98 and mixed strains of Salmonella 
typhimurium, indicating a lack of mutagenicity. 
Additionally, no chromosomal aberrations were 
observed in CGM-exposed mammalian cells, as 
tested with L5178Y cells (at CGM concentrations 
up to 1000 pg/ml, with or without metabolic ac- 
tivation) and with CHO-K1 cells (fig. S1), indicat- 
ing a lack of genotoxicity. 


CGM activity in mouse models of TB 


To assess the in vivo activity of CGM, we con- 
ducted dose-ranging experiments using mouse 
models of acute and chronic TB (see supplemen- 
tary materials and methods). In the acute model, 
which is used to test the antimicrobial activity of 
compounds and regimens against bacteria active- 
ly multiplying in vivo, mice were aerosol-infected 
with M. tuberculosis, and oral administration of 
CGM (at daily doses ranging from 10 to 600 mg/kg) 
was initiated on the day after infection. After 
4 weeks, all of the untreated control mice had 
died, whereas all of the mice treated with any 
dose of CGM survived. As expected, mice treated 
with isoniazid (INH) at 10 mg/kg experienced a 
decrease of ~3 logi9 colony-forming units (CFUs) 
in the lungs, whereas mice receiving RIF at 10 mg/kg, 
which is expected to have poor initial activity in 
this model (J6), did not die but did experience 
bacterial growth in the lungs (Fig. 2B). In mice 
receiving 10 and 25 mg/kg of CGM, neither the 
development of gross lung lesions (fig. S2) nor 
bacterial growth could be prevented (Fig. 2B). To- 
tal prevention of bacterial growth and gross lung 
lesions occurred in mice treated with 50 mg/kg, 
defining the minimal effective dose of CGM. 
The CFU count decreased by ~2 log; in the 
lungs compared with the CFU count at initiation 
of treatment with a daily 100-mg/kg dose, de- 
fining the minimal bactericidal dose. In mice 
treated with 200-, 400-, and 600-mg/kg doses, 
a dose-dependent decline in lung CFU counts 
was observed (P < 0.0001), and the lungs of 
mice receiving the 600-mg/kg daily dose were 
culture-negative after 4 weeks of treatment. In 
the chronic model, which is used to test for 
antimicrobial activity against a stable bacterial 
population in vivo, mice were aerosol-infected, 
achieving a low implantation of 2.21 log;) CFU 
per lung, and treatment was initiated 4 weeks 
later when a stable, host-contained infection 
was established at nearly 7 logi) CFU per lung. 
After 4 weeks of treatment, all doses of CGM 
exhibited some degree of activity, with doses of 
50 mg/kg and higher resulting in statistically 
significant differences in lung CFU counts from 
the untreated control (P < 0.01) (Fig. 2C and 
fig. $2). Treatment with CGM at 100 mg/kg re- 
sulted in a decrease in lung CFU counts similar 
to that observed with RIF at 10 mg/kg. In both 
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of these experiments, no overt adverse effects 
of CGM administration were observed in treated 
mice. 

Due to the promising bactericidal activity of 
CGM when administered as monotherapy, we 
evaluated the activity of this compound when ad- 
ministered together with first-line anti-TB drugs 
in the mouse model of TB chemotherapy. Stan- 
dard TB treatment comprises a 2-month intensive 
phase of daily RIF, INH, pyrazinamide (PZA), and 
ethambutol, followed by a 4-month continuation 
phase of daily RIF and INH. We designed an ex- 
periment to assess the bactericidal activity of CGM 
(at the minimal bactericidal dose of 100 mg/kg per 
day) used alone and in combination during the 
first 3 months of treatment. Mice were aerosol- 
infected with M. tuberculosis (implantation of 3.26 
logi9 CFU per lung), and treatment was initiated 
2 weeks after infection, when the lung CFU count 
had reached 7.43 logio. In these experimental 
conditions, CGM alone was as active as INH 


(the most bactericidal first-line drug), reducing 
CFU counts in the lungs of mice by 3.78 logyo 
over 3 months, indicating that on a molar basis, 
CGM (1196 g/mol) had equivalent potency to 
INH (137 g/mol). However, at any time point, the 
combination of INH and CGM was as active as 
either INH or CGM alone. The combination of CGM 
with PZA was as active as the standard combi- 
nation of INH, RIF, and PZA, reducing lung CFU 
counts in the mice by 5.5 logy) over 3 months 
(table S3). Additionally, the combination of CGM 
with RIF was much more active than the stan- 
dard combination (additional 2 log) CFU decline), 
nearly resulting in mouse lung culture conversion 
by week 12 of treatment. Even more impressive 
was the activity of the three-drug combination 
of RIF, PZA, and CGM that resulted in mouse lung 
culture conversion after only 8 weeks of treatment, 
representing killing of >7 logy) CFU in the lungs. 
In contrast and as expected, in the mice receiving 
the standard drug combination, lung CFU counts 
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declined by ~4.4 and ~5.7 logy) by weeks 8 and 
12, respectively (Fig. 2D and table S3). To assess 
the activity of CGM (at 100 mg/kg per day) dur- 
ing the continuation phase, mice received the 
standard regimen for the first 8 weeks of treat- 
ment, and then CGM was administered alone or 
in combination during weeks 8 to 20. The bacterial 
population remaining during the continuation 
phase had survived the initial 8 weeks of treat- 
ment and may have been enriched for organisms 
that are phenotypically tolerant to the antibiotics 
(i.e., the so-called “persisters”). The replacement 
of either of the drugs in the standard continua- 
tion regimen (RIF and INH) with CGM did not 
affect the time to mouse lung culture conversion 
(20 weeks), and no statistically significant differ- 
ences were observed in lung CFU counts between 
these groups at any time point (table S4). The 
bactericidal activity of the combination of INH 
with CGM was not significantly different from 
that of CGM alone at any time point. However, 
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Fig. 2. In vitro and in vivo CGM activity against M. tuberculosis. (A) 
Activity of CGM against M. tuberculosis in 7H9 broth culture. The number 
following the compound abbreviation indicates the concentration in mi- 
crograms per milliliter. (B) CGM dose-ranging in the mouse model of acute 
TB: CFU counts after 4 weeks of treatment. Data represent the mean lung 
logio CFU counts (five mice per group). Day O indicates lung CFU counts at 
treatment initiation (the day after infection). The number following the com- 
pound abbreviation indicates the dose in milligrams per kilogram per day. (C) 
CGM dose-ranging in the mouse model of chronic TB: CFU counts after 4 weeks 
of treatment. Data represent the mean lung logig CFU counts (5 mice 
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per group). Day O indicates lung CFU counts at treatment initiation (28 days 
after infection). The number following the compound abbreviation indicates 
the dose in milligrams per kilogram per day. (D) CGM administered in com- 
bination with anti-TB drugs during the intensive phase of treatment in a 
mouse model of TB. Data represent the mean lung logig CFU counts (5 to 
10 mice per group). Drug doses: RIF, 10 mg/kg per day; INH, 10 mg/kg per 
day; PZA, 150 mg/kg per day; CGM, 100 mg/kg per day. w, weeks. Standard 
treatment is 8 weeks of daily RIF + INH + PZA, followed by daily RIF + INH. 
Error bars in all panels represent SD. Dotted lines in (B) and (C) indicate the 
CFU counts in the lungs when treatment was initiated. 
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this combination was significantly more bacte- 
ricidal than INH alone after 16 (P < 0.05) and 20 
(P < 0.0001) weeks of treatment, with the effect 
being additive. Thus, taken together, our data in- 
dicate that CGM is highly active against actively 
replicating M. tuberculosis, both in vitro and in 
vivo, and also exhibits bactericidal activity against 
nonreplicating bacteria in vivo. 


Self-resistance to GM in Streptomyces 


The demonstrated activity of CGM against both 
drug-susceptible and -resistant MM. tuberculosis 
(14, 15) and the notable enhancement of the bac- 
tericidal activity of the standard TB drug regimen 
with the addition of CGM in mice suggested that 
the mechanism of action of CGM may be differ- 
ent from other anti-TB drugs. GM and MGM are 
naturally produced by some species of Strepto- 
myces, and we identified the biosynthetic gene 
cluster responsible for GM and MGM production 
in S. sp. DSM-40835 (/7), a strain naturally resist- 
ant to GM, and examined it for the presence of a 
possible resistance-conferring component. We 
found a homolog of the dnaN gene, which en- 
codes the sliding clamp (also called the B clamp) 
of DNA polymerase, within the nonribosomal 
peptide megasynthetase cassette for GM synthe- 
sis (fig. S3A and table S5). This dnaN homolog, 
annotated as g7iR, encoded a protein with 51% 
identity to DnaN from the same strain (fig. $3, 
B and C). To examine the effect of GriR on sus- 
ceptibility to GM, we introduced the gene into 
Streptomyces coelicolor A3(2), a strain suscepti- 
ble to this natural product (and naturally lack- 
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WT 1.GM,5 1.GMs  1.GMjp 1.GMy) 1.GMyo 


M. smegmatis mutant 1.GM49 


micrograms per milliliter when the mutant was obtained). Red stars 
represent the 115 G > A mutation in the Pribnow box of the dnaN 
promoter region. (©) Southern blot and (D) fragmentation pattern 


ing the entire GM biosynthesis cassette) (78). 
The presence of the g7iR-expressing plasmid al- 
lowed the strain to survive in the presence of GM 
(fig. S8D and table S6), suggesting that over- 
expression of g77R mediated GM resistance. Com- 
parison of the DnaN sequence from different 
microbial species revealed a clear cluster break 
between GM-sensitive and -resistant bacteria based 
on homology of the sliding clamp (fig. S8C and 
table S6). Taken together, these data suggest that 
GM and its derivatives target DnaN and may thus 
interfere with DNA replication. 


GM resistance in mycobacteria 


The intriguing relationship between dnaN se- 
quence, copy number of the gene, and resistance to 
GM observed in Streptomyces compelled us to ex- 
amine the mechanism(s) of resistance to this com- 
pound in mycobacteria. Using the fast-growing, 
nonpathogenic, and GM-sensitive (MIC: 4.5 ug/ml) 
M. smegmatis, we selected GM-resistant bac- 
teria in vitro. The GM-resistant M. smegmatis 
(which occurred at an extremely low frequency; 
at a GM concentration of 10 ug/ml the frequency 
was 5 x 10°) exhibited an altered, elongated 
cellular morphology (Fig. 3A), as has been pre- 
viously observed in GM-exposed M. tuberculosis 
(9). The GM-resistant bacteria were cross-resistant 
to MGM and CGM, but not to RIF or any other 
tested antibiotic (table S7). Genome sequence com- 
parisons between the wild-type (WT) parent strain 
and mutants generated via stepwise exposure to 
increasing concentrations of GM (up to 40 ug/ml) 
revealed amplification of a chromosomal segment 


a 12.0 kb 
ees i aie 


containing dnaN, with a single point mutation in 
the Pribnow box of the promoter region (115 G > 
A) (19) (tables S8 and S9), suggesting that myco- 
bacterial resistance to GM, like that of Strepto- 
myces, is mediated by amplification of DnaN. A 
number of inconsistent single-nucleotide poly- 
morphisms (SNPs) were also observed. All mutants 
analyzed contained head-to-tail repeats of a chro- 
mosomal segment, but these segments or ampli- 
cons varied in size (ranging from 12 to 28 kb in 
length) and copy number (ranging from 3 to 49 
copies), and occurrence of the amplicons was 
observed at different steps in the selection pro- 
cess (Fig. 3B, fig S4, and table S8). In addition to 
dnaN and its promoter, the amplicons contained 
dnaA, recF, gyrB, and up to more than 20 ad- 
ditional genes (table S9); they also all included 
the ori site. Amplification of a chromosomal seg- 
ment was confirmed by Southern blot (Fig. 3, C 
and D). Based on the high copy number of the 
amplicons that include the or7 site, formation of 
an extrachromosomal element could not be ruled 
out. However, plasmids were not detected by ei- 
ther standard plasmid isolation methods or aga- 
rose gel analysis. Yet in both M. smegmatis and 
M. tuberculosis, plasmids containing the same 
ori as the chromosome are usually maintained at 
a relatively low copy number (20, 27), and natu- 
rally occurring plasmids in mycobacteria are known 
to be difficult to isolate (22). 

Although the exact sequence of the amplicons 
varied among GM-resistant mutants, the 115 G > A 
transition mutation in the dnaN promoter oc- 
curred in all mutants at the 2.5-ug/ml GM exposure 
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Fig. 3. Emergence of GM resistance in M. smegmatis by target D 
amplification. (A) Phase-contrast images of WT and GM-resistant 
M. smegmatis cells. Scale bars, 10 um. (B) Overview of the genetic 
changes associated with increased exposure to GM for M. smegmatis 
mutants LGMzss5 to LGMzo (subscripts indicate GM concentration in 
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of EcoRI-digested genomic DNA of WT M. smegmatis and GM-resistant mutants. EcoRI cuts downstream of the dnaN gene inside the amplicon and upstream of 
the dnaN gene outside the amplicon, resulting in a 15.9-kb fragment for samples without amplicons and 15.9-kb and 10.2-kb fragments for samples with 
amplicons. EcoRI restriction sites are indicated in red; the binding site of the probe (in the dnaN gene) is indicated in blue. 


SCIENCE sciencemag.org 


5 JUNE 2015 * VOL 348 ISSUE 6239 1109 


RESEARCH | RESEARCH ARTICLE 


step, leading to an MIC upshift from the baseline 
4 ug/ml to 8 to 16 ug/ml (table S8). This point 
mutation was not consistently maintained in all 
steps of increasing GM concentration, being either 
replaced or complemented in mutants exposed 
to higher GM concentrations by amplification of 
a dnaN-containing chromosomal segment, which 
led to resistance up to or greater than 64 ug/ml. 
Resistance to GM was accompanied by consider- 
able fitness costs, whereby M. smegmatis growth 
was negatively correlated with increasing levels of 
resistance (fig. S5), in some cases growing so 
poorly that we could not determine MIC values 
(table S8). Our data indicate that when GM is 
removed from the growth media, these genetic 
and phenotypic modifications begin to be reversed, 
including a decrease in amplicon copy number, a 
downshift in MIC, and less growth retardation 
(fig. S5 and table S8). 

The unprecedented mechanism of gaining re- 
sistance to GM in our in vitro experiments with 
M. smegmatis prompted us to determine the rel- 
evance of these findings during in vivo infection 
with M. tuberculosis. To select resistant bacteria 
in vivo, nude mice were aerosol-infected with 
the fully drug-susceptible M. tuberculosis strain 
H37Rv and then treated by monotherapy with 
either INH (5 mg/kg) or CGM (100 mg/kg). With- 
out the pressure from a functional immune sys- 
tem, monotherapy (when administered once daily, 
5 days per week) with even the most bactericidal 
drug (INH) cannot prevent bacterial multiplica- 
tion in these mice when drug levels in the blood 
fall below the therapeutic concentration, which, 
based on the half-life of INH (~1.5 hours) (23) 
and CGM (~4 hours) (Table 1) in the mouse, should 
occur daily and over the weekends. As anticipated, 
after 4 weeks of treatment, the lung bacterial 
loads began to increase in mice receiving either 
INH or CGM (fig. S6A). CFUs isolated from the 
CGM-treated mice were more than 10 times less 
sensitive to CGM (MIC: 1 to 2 ug/ml) (see pro- 
portion of CFUs growing on CGM-containing agar 
plates in table S10). Using the agar proportion 
method, the CGM-resistant M. tuberculosis were 
found to be fully susceptible to INH and RIF, as 
well as moxifloxacin and streptomycin. Genomic 
analysis of CGM-resistant colonies revealed an 
amplification of a 10.3-kb chromosomal segment 
containing the dnaN gene, together with four 
other genes and the o77 site (fig. S6B and table 
S11), which was present in the CGM-resistant M. 
tuberculosis but absent in the WT parent strain. 
No SNPs were observed in the CGM-resistant 
bacteria compared with the WT parent strain. 
Thus, the mechanism of resistance observed 
in vitro with M. smegmatis was also observed 
in vivo with M. tuberculosis. 


Characterization and crystal 
structure analysis of the 
GM-DnaN interaction 


To confirm our genomic-based findings that DnaN 
is the target of GM and its derivatives, we used 
surface plasmon resonance (SPR) to characterize 
the binding of GM, MGM, and CGM with DnaN 
from M. smegmatis, M. tuberculosis, and Esche- 
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richia coli, as well as with the human sliding 
clamp [proliferating cell nuclear antigen (PCNA)]. 
Binding was also characterized with GriR, the 
DnaN homolog from the GM biosynthesis cluster 
in Streptomyces. SPR analysis demonstrated bind- 
ing of GM to the mycobacterial sliding clamps 
with high affinity (equilibrium dissociation con- 
stant Kp: 8.3 x 10°" M and 1.0 x 10°° M for M. 
smegmatis and M. tuberculosis DnaN proteins, 
respectively) and a fast recognition rate and 
slow dissociation from the protein (M. smegmatis, 
association rate constant ky: 2.2 x 107 M7? s}, 
dissociation rate constant kg: 1.9 x 10° s"; M. 
tuberculosis, ky: 8.6 x 10° M's", kg: 8.4 x 10* s}) 
(Table 2 and fig. S7). No binding was detected 
between GM and the human sliding clamp, but 
binding was observed at a significantly lower lev- 
el with the E. coli clamp (Kp: 6.5 x 10-7 M), 
despite the lack of in vitro activity of GM against 
this organism (table S6). This lack of activity could 


be associated with the fast dissociation of GM 


Table 2. SPR-based kinetic parameters of sliding 


from the E. coli DnaN compared with the myco- 
bacterial sliding clamps (fig. S7), or it may be 
caused by efflux and/or impaired penetration in 
E. coli. Binding of GM was also observed to the 
GM resistance-conferring GriR, but at a significant- 
ly lower level compared with the mycobacterial 
DnaN proteins. It is possible that this weaker 
binding may be sufficient for self-resistance in 
Streptomyces. Binding of GM to GriR showed a 
kinetic profile similar to that of the E. coli DnaN, 
with fast association and dissociation rates but 
with somewhat lower affinity. MGM and CGM ex- 
hibited kinetic profiles similar to GM when inter- 
acting with the M. tuberculosis sliding clamp, 
whereas the interaction of M. smegmatis DnaN 
with CGM was characterized by a slower dis- 
sociation rate (kg: 4.1 x 10°* s-) and a slightly 
slower recognition rate (kj: 4.5 x 10° M7! s"}). 
Thus, it may be the increasing lipophilicity (thus 
influencing the ability to traverse the cell wall) 
of the GM derivatives, rather than changes in 


clamp interactions with GM, MGM, and CGM. For 


M. smegmatis and M. tuberculosis DnaN, the Kp values were determined from the ratio between the kinetic 
rate constants (k2/kq), and the dissociative half-life ty-2 was calculated by In2/kg. For interactions with fast 
on and off rates (E. coli and S. sp. DSM-40835 DnaN proteins), Kp values were determined by steady-state 
affinity analyses from the dependence of steady-state binding levels on analyte concentrations. Data 
represent mean and SD from three independent experiments. SPR sensorgrams are presented in fig. S7. 


na, not applicable. 


Interactants Kp (M) k, (M7? s74) kg (Ss) tro (s) 
Protein Compound [SD] [SD] [SD] [SD] 
DnaN GM 8.3x lot 2.2 x 10’ 19 x 10° 450 
M. smegmatis [3.9x1lo") [54.10%] [87x10] [160] 
MGM 9.9x 107° 1.6 x 107 1.3 x 107° 545 
[57x104) [55x10 ([1.9x 1074] [179] 
CGM 12x10" 4.5 x 10° 41x 10% 1998 
[42x10] [34x10% [17x10] [785] 
DnaN GM 1.0 x 107° 8.6 x 10° 84x 10% 863 
M. tuberculosis [831x107] [25x10%} [19x10“%) [183] 
MGM 11x 107° 6.5 x 10° 71x 10+ 1080 
[1.1 x 1074] [21x 10°] [21x10] [361] 
CGM 2.0 x 10°10 2.6 x 10° 47x 10% 1659 
[7.9 x 10°44 [78x10°] [14x10%] [643] 
DnaN GM 6.5 x 10°” na na na 
E. coli [9.5 x 10°*] 
MGM 84x 107 na na na 
[5.2 x 107°] 
CGM 6.6 x 1077 na na na 
[3.0 x 107°] 
GriR GM 5.8 x 10° na na na 
S. sp. [1.4 x 10°% 
DSM-40835 MGM 6.6 x 10°° na na na 
[6.8 x 1077] 
CGM 6.5 x 10°° na na na 
[3.2 x 1077] 
PCNA GM No binding detected 
MGM No binding detected 
CGM No binding detected 


sciencemag.org SCIENCE 


RESEARCH | RESEARCH ARTICLE 


binding kinetics, that explains their more potent 
antimycobacterial activity compared with GM. 
To gain a better understanding of the molec- 
ular interactions responsible for GM-DnaN com- 
plex formation, cocrystal structures of GM and 
CGM bound to mycobacterial DnaN proteins were 
determined. The structures of M. smegmatis DnaN 
with GM and CGM were refined to resolutions of 
2.1 and 2.3 A, respectively, whereas the structures 
of the M. tuberculosis DnaN with bound GM and 
CGM were refined to resolutions of 2.2 and 1.9 A, 
respectively (table S12). Both inhibitors were well 
defined in the electron density maps (fig. S8). GM 
and CGM bound to a hydrophobic cleft between 
domains II and III of the sliding clamp (Fig. 4A), 
which has been identified previously as the pep- 
tide interaction site responsible for the binding 
of DNA polymerases and other DNA-modifying 
enzymes (24, 25). Binding of GM is mainly ac- 
complished via hydrophobic interactions. Only two 
amino acid residues are involved in direct hydro- 
gen bonding: Arg" (or Arg"**) for M. smegmatis 
(or M. tuberculosis) forms two hydrogen bonds 
to the ligand, one via its backbone carbonyl 
oxygen and one via its guanidine moiety, whereas 
Arg®®* (or Arg?°°) for M. smegmatis (or M. 
tuberculosis) is involved in hydrogen bonding 
through its backbone amide nitrogen. Addition- 
ally, a bridging water molecule is coordinated 


A 


Fig. 4. Crystal structure of the M. smegmatis sliding 4 
clamp (DnaN) in complex with GM. (A) Crystal structure \ 
of the M. smegmatis DnaN dimer in complex with GM at a 
resolution of 2.1 A. GM binds to a hydrophobic pocket be- 
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between the ligand and Pro?” (or Pro®®”) for M. 
smegmatis (or M. tuberculosis) (Fig. 4B and fig. 
S9). Subsite one of the peptide-binding pocket 
is occupied by the cyclic part of the ligand, whereas 
subsite two harbors the linear part of the GM 
molecule (Fig. 4C). This linear section and the 
adjacent half of the macrocycle superimpose very 
well for GM and CGM, whereas differences are 
visible on the opposite side of the macrocycle 
(figs. S10 and S11A). The ligands seem to be less 
tightly bound in this area, thus exhibiting a 
higher degree of flexibility (fig. SIIB). The addi- 
tional cyclohexyl moiety of CGM protrudes into 
the solvent and is involved in the formation of 
crystal contacts (fig. S12); the crystal packing might 
induce the observed differences in CGM binding 
as compared with GM and thus may not be phys- 
iologically relevant. 

Binding of GM to the peptide interaction site 
of DnaN should lead to inhibition of the DnaN 
interaction with the polymerase III o subunit 
(DnaE1). To test this, we used SPR to assess the 
effect of GM on the binding of DnaN with a DnaE1 
peptide that contains the internal DnaN binding 
motif and is known to be essential for processive 
replication in E. coli (26). Binding of this peptide 
decreased by half when the sliding clamp was 
saturated with GM (fig. S13). Inhibition of DnaE1 
binding to DnaN should result in inefficient rep- 


tween domains II and Ill, which is known as the protein-protein interaction site responsible for the 
recruitment of DNA polymerases by the sliding clamp. The cartoon representation of the left half of the 
homodimeric ring is colored from the N terminus (blue) to the C terminus (red). The second half of the ring 
is shown as surface representation colored according to the electrostatic surface potential, ranging 
from —5 kT/e (red) to +5 kT/e (blue) (k, Boltzmann's constant; T, temperature; e, charge of an electron). 
(B) Interactions between the ligand and the protein. The residues involved in hydrophobic contacts with 
GM are represented as gray sticks. The residues also involved in hydrogen bonding with the ligand are 
represented as green sticks. Hydrogen bonds are indicated by dashed green lines. F, Phe; R, Arg; M, Met; 
P, Pro; T, Thr; L, Leu: V, Val. (C) Surface representation of the binding pocket. The surface is colored according 
to the electrostatic surface potential. Both subsites of the binding pocket are indicated by circles. 
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lication with decreased processivity and may lead 
to DNA strand breaks. Induction of the SOS re- 
sponse was observed in GM-exposed M. smegmatis 
(fig. S14). 

Several functional and structural studies have 
indicated that the sliding clamp may be a feasible 
antibacterial target that can be addressed by small 
molecules and peptidic inhibitors (24, 27-29). 
Although inhibition of DNA replication does 
not necessarily lead to immediate bacterial cell 
death, blocking the replication process may in- 
duce other lethal damage within the cell, such as 
induction of the SOS response (fig. S14) and/or 
toxin-antitoxin-like stress, as in the case of the 
quinolones, which block DNA replication by tar- 
geting topoisomerases but kill bacteria rapidly 
(30). In fact, DnaN was recently shown to be tar- 
geted by a toxin-antitoxin system in Cauwlobacter 
crescentus (31). The cell-elongation phenotype of 
GM-exposed mycobacteria indicates that block- 
ing DNA replication induces a wider cellular re- 
sponse; this cell-elongation effect has also been 
reported in M. fortuitum upon exposure to the 
fluoroquinolone ofloxacin (32). Furthermore, in 
both Gram-positive and Gram-negative bacteria, 
the sliding clamp has been demonstrated to in- 
teract with DNA repair proteins, including many 
induced during the SOS response (33). Thus, the 
interaction of GMs with DnaN could also affect 
DNA repair, contributing to the bactericidal ac- 
tivity of the compounds. Whereas previously re- 
ported DnaN binders inhibited bacterial growth 
with only moderate potency, GM and its deriv- 
atives represent the first DnaN inhibitors with 
picomolar affinity to the target and high efficacy 
(MIC values <1.0 ug/ml) against mycobacteria. 
Known small-molecule DnaN binders targeted 
the deep hydrophobic pocket of subsite one, 
whereas subsite two remained empty. Peptidic 
inhibitors and the natural interacting peptides 
target both subsites; the linear segment and part 
of the macrocycle of GM superimposed very well 
with their backbone, thereby mimicking the 
conformation of a linear peptide bound to DnaN 
(fig. S15). The specific inhibition of mycobacteria 
by GM, which should leave commensal micro- 
biota intact, constitutes an additional advantage 
with respect to the selection of resistance. 


Conclusion 


Total synthesis of new GMs led to the optimized 
CGM, which demonstrated a clear potential for 
TB treatment by targeting the DNA polymerase 
sliding clamp. Currently, CGM and a few other 
GM derivatives are being further profiled to se- 
lect the best drug candidate to move forward in 
development, with CGM being one of the lead 
compounds pursued in late preclinical studies 
involving broad toxicity testing. In this work, we 
have demonstrated the validity of DnaN as a drug 
target and have identified direct small-molecule- 
DnaN interactions that probably interrupt es- 
sential polymerase and DNA repair activities in 
mycobacteria, leading to killing both in vitro and 
in vivo. Through the selection of GM-or CGM- 
resistant bacteria, we discovered that resistance 
to these compounds is possible, albeit at a very 
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low frequency, and is mediated through multi- 
plication of dnaN, whereby the resistance to GMs 
increases with increasing dnaN amplification. 
The nature of the amplicons, consisting of clonal 
repeats that differ slightly between bacterial iso- 
lates but all include the o77 site, and the observed 
decrease in target amplification in the absence of 
GM suggest that the amplification is connected to 
severe fitness costs, as observed by the slow growth 
of the mutants. As exposure to GM triggered 
chromosomal duplications in a concentration- 
dependent manner in vitro, GM could possibly 
serve as a tool to study the mechanism of chro- 
mosomal duplication events in mycobacteria that 
have contributed to the natural variation between 
different lineages. Because there is no preexisting 
resistance to GMs due to the different mode of 
action compared with that of existing TB drugs, 
and because resistance occurs at an extremely low 
frequency and is associated with a severe fitness 
cost, this new series has the potential to contrib- 
ute to drug regimens with utility for patients with 
both drug-sensitive and drug-resistant TB. In ad- 
dition, our work has confirmed the sliding clamp 
as an antimicrobial target and revealed an unusual 
mechanism of conferring drug resistance that is 
applicable to the wider antibiotic discovery field. 
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MULTIFERROICS 


Magnetoelectric domain control in 
multiferroic TbMnO; 


Masakazu Matsubara,»?*+ Sebastian Manz,'*{+ Masahito Mochizuki,®** Teresa Kubacka,” 
Ayato Iyama,° Nadir Aliouane,’ Tsuyoshi Kimura,° Steven L. Johnson,” 


Dennis Meier,’ Manfred Fiebig" 


The manipulation of domains by external fields in ferroic materials is of major interest for 
applications. In multiferroics with strongly coupled magnetic and electric order, however, 
the magnetoelectric coupling on the level of the domains is largely unexplored. We 
investigated the field-induced domain dynamics of TbMnO3 in the multiferroic ground 
state and across a first-order spin-flop transition. In spite of the discontinuous nature of 
this transition, the reorientation of the order parameters is deterministic and preserves the 
multiferroic domain pattern. Landau-Lifshitz-Gilbert simulations reveal that this behavior 
is intrinsic. Such magnetoelectric correlations in spin-driven ferroelectrics may lead to 


domain wall—based nanoelectronics devices. 


he entanglement of magnetic and electric 
long-range orders in magnetically induced 
ferroelectrics is a key to the manipulation 
of dielectric properties by magnetic fields 
and vice versa. Long believed to be a low- 


temperature phenomenon, these strong magneto- 
electric correlations are now gaining importance 
in the light of recent studies that report spin- 
driven ferroelectricity in conditions approaching 
room temperature (J-3). 
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Present discussions on magnetoelectric phase 
control focus on the conversion of a state with 
one orientation of the magnetic and/or ferro- 
electric order parameter into a state with an- 
other orientation of these order parameters in 
the appropriate external fields. The end products 
of this operation—before and after the transition— 
are considered (4-11), whereas the actual switch- 
ing process is not further discussed. It is this 
switching process, though, that is the key to prac- 
tical magnetoelectric phase control. The switch- 
ing occurs through transient states that are highly 
inhomogeneous, with many domains and domain 
walls interacting with one another in a complex 
fashion; this is in contrast to the single-domain 
end states. This process of transition determines 
functional issues such as hardness or durability 
or the speed of the magnetoelectric switching. 
Investigations of the multidomain equilibrium 
distribution of domains and their response to ex- 
ternal fields in multiferroics are also rare (12, 13). 

Two aspects determine the magnetoelectric 
phase control of such a multidomain state: (i) the 
response of the domain pattern to small pertur- 
bations such as a gradual increase of the external 
field, and (ii) the response to a large perturbation 
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such as a field-induced phase transition. In this 
work, we investigated examples for both types 
of perturbation. Our test case was multiferroic 
TbMn0Os, as the probably best-known compound 
with magnetically induced ferroelectricity. 

In the archetypal spin-spiral ferroelectric 
TbMn0Os, a cycloidal spin structure emerges be- 
low the transition temperature 7, = 27 K and 
breaks inversion symmetry, giving rise to a 
spontaneous electric polarization, P,, along the c 
axis (14, 15). This mechanism distinguishes the 
orthorhombic from the hexagonal multiferroics, 
in which the magnetic and electric order emerge 
independently so that they display a much weaker 
coupling (1/6). The polarization in TbMnO, is 
described as the product of the unit vector e,; that 
connects neighboring spins at sites 7 and j, and 
their vector chirality, S; x S;, according to 
P & ey x (S; x Sj) (77, 18). Thus, changes in the 
spin arrangement and the polarization are rigid- 
ly connected. For example, a polarization flop 
(P. — P,) can be triggered by spin reordering 
in a magnetic field along the 6 axis. This occurs 
as a first-order phase transition and has been 
studied for more than a decade (14, 19-21). Data 
documenting the actual reorientation in the form 
of the evolving magnetoelectric domains are, how- 
ever, unavailable. It remains an open question to 
which extent the transition and the associated 
functionalities are controllable. 

We addressed this fundamental question by 
tracking the evolution of ferroelectric spin-cycloidal 
domains under external electric and magnetic 
fields in noninvasive imaging experiments. As 
the starting point for our analysis, we spatially re- 
solved the as-grown domain structure of TboMnOs. 
Imaging was done after zero-field cooling below 
Tc, using second harmonic generation (SHG) mi- 
croscopy (22). SHG, the frequency doubling of a 
light wave in a material, is an optical process 
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allowed in the leading order only in materials 
without inversion symmetry. It thus became an 
established, spatially resolving tool for probing 
the ferroelectric state (23). Domains with the 
spontaneous polarization +P emit SHG light 
waves +£p(2) with a relative 180° phase shift. 
If a SHG reference light wave is superimposed 
according to E,.¢2m) + Ep(2m), opposite ferro- 
electric domain states can be imaged as regions 
of different brightness. This technique is used 
throughout our work (24). 

The domain structure in Fig. 1A shows a stripe- 
like pattern of bright and dark regions, with a 
preferred orientation along the polar c axis. To 
demonstrate that these regions correspond to 
ferroelectric +P, domains, we applied an electric 
field, Z,, as presented in Fig. 1, B to I. The image 
sequence documents a complete hysteretic poling 
cycle (Fig. 1J) and shows that E, transforms the 
initial multidomain state (Fig. 1A) into either 
single-domain state (Fig. 1, D and G). This be- 
havior, as well as the intermediate switching (in- 
cluding domain nucleation, forward growth with 
walls parallel to the electric field and P,, and 
subsequent sideways growth) corroborates the 
ferroelectric aspect of the domains (25). X-ray- 
imprinted domains deviate from this equilibrium 
state by forming walls perpendicular to P, (8). 

In each poling cycle, we observed new domain 
patterns. All images reflect the aforementioned 
preference for electrically neutral and hence en- 
ergetically favorable “side-by-side” domain walls 
(Fig. 2C). The magnetic exchange interaction, 
too, is most pronounced along the ¢ direction, so 
that both electric and magnetic energy can be 
lowered by establishing domain walls parallel to 
this axis. The areal ratio of +P, and —P, domains in 
Fig. 1, A to I, is presented in Fig. 1J and yields a 
symmetric hysteresis loop with a coercive field 
of 7.5 kV/cm at 22 K. Figure 1 thus demonstrates 


0 10 
Electric field E,(kV/cm) 


Fig. 1. Electric-field control of domains in TbMnOs. (A to I) Progression of 
multiferroic domain structure in a cycled electric field E, along the c axis (tem- 
perature = 22 K). Bright and dark regions correspond to +P, and —P. domains, 
respectively. (J) Ferroelectric hysteresis loop P.(E.) derived from the areal ratio of 
+P. to -P, domains in SHG images (A) to (I). 
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that we can access the ferroelectric domain pat- 
tern by SHG and control it by application of an 
electric field. The imaging data reveal that the 
domain walls move easily in the field. 

At about Uy H, = 5 T at 9 K (74), the bulk polar- 
ization changes from P, to P,, passing through a 
first-order phase transition. This polarization flop 
is driven by a reorientation of the spin-cycloidal 
plane from bc to ab (26). For a single-domain 
state, it was shown that the direction of the flop 
can be enforced by an appropriately tilted mag- 
netic field (5, 27). Here, we are interested in the 
intrinsic reorientation behavior of a multidomain 
state. We therefore minimized the angle between 
the magnetic field and the b axis below the one 
controlling the field-tilt-promoted polarization 
flop in (27). In Fig. 2, we present the correspond- 
ing SHG domain images obtained at 0 and 10 T, 
with P pointing along the c and a axis, respectively. 
The pattern of +P. domains at 0 T (Fig. 2A) 
exhibits the same features as in Fig. 1A; i.e., 
stripe-like domains and predominance of side- 
by-side domain walls. We then increased the 
magnetic field to 10 T while tracking the polar- 
ization flop with SHG signals sensitive to P, and 
P.,, respectively (24). At 10 T, we imaged the dis- 
tribution of +P,, domains, with the result shown 
in Fig. 2B. We find that the +P, and +P,, domain 
structures, displayed in Fig. 2, A and B, respec- 


P\jc 


10T 


Fig. 2. Domain structure across the first-order 
polarization flop. (A and B) Multiferroic domain 
structure at 9 K in the ground state (H, = O T, P; = 0, 
P. 4 0) and excited state (Hp = 10 T, P; 4 0, P. = 0), 
respectively. The resulting domain structures are 
identical. Thus, the polarization flop occurs in a 
deterministic way; i.e., with a unique correlation 
+P, « +P, and -P, «+ —-P, of the domain states. 
(C and D) The magnified regions show that side- 
by-side domain walls are changed to head-to-head/ 
tail-to-tail walls by the polarization flop, leading to 
nominally charged domain walls. 


1114 = 5 JUNE 2015 - VOL 348 ISSUE 6239 


tively, are identical within the resolution limit of 
our experiment of a few micrometers. Because of 
the first-order nature of the traversed phase tran- 
sition, this correspondence is unexpected. The 
discontinuity of a first-order phase transition 
usually involves isolated growth of domains of 
the new phase, which replaces the original domain 
structure (28). In the present case, however, all 
domain walls remain in position, which is par- 
ticularly surprising because the walls move easily 
and without memory, according to Fig. 1. The 
persistence of the domain pattern further implies 
that neutral side-by-side domain walls are trans- 
formed into nominally charged head-to-head and 
tail-to-tail walls (Fig. 2, C and D). The transfor- 
mation might respect the strong magnetic ex- 
change along the ¢ axis and could be energetically 
less costly than a reorientation of the domain 
walls retaining a neutral side-by-side state. It 
thus reflects the secondary nature of the magnet- 
ically induced ferroelectric order (29). Such en- 
ergy considerations, however, cannot explain why 
+P,and —P, domains both flop deterministically; 
ie., with a unique correspondence +P, +P, 
and —P, « —P, and without additional domains 
and domain walls when the P,-related domains 
nucleate and grow. 

To understand this exotic switching behavior, 
we performed Landau-Lifshitz-Gilbert (LLG) simu- 
lations based on the microscopic spin Hamiltonian 
developed in (30, 32). We applied this formalism 
for modeling and resolving the reorientation dy- 
namics of the magnetic field-driven polarization 
flop. For details on the validity and application of 
the LLG simulation and on the role of the ions 
carrying the spin and the polarization, see (24). 
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The simulations reveal that the magnetic field 
Hy leads to a local effective field Hj, exerting a 
torque t; & —m; x H; e¢ onthe magnetization m; 
at site 7. Thanks to this torque, spin textures of 
positive and negative chirality both rotate coun- 
terclockwise around the b axis, giving rise to in- 
trinsically identical flop directions for +P, and —P, 
domains (Fig. 3, A and B). Figure 3C shows a 
calculated spatiotemporal map documenting the 
transition from the —P, to the —P, domain state 
on an arbitrary time scale from 0 to 1 (from start 
to end of the spin rotation). The polarization ro- 
tation progresses in a spatially inhomogeneous 
way, which nicely reflects the inhomogeneous 
nucleation-based nature of the first-order phase 
transition. Areas in which the flop occurs first 
drag neighboring regions along, so that additio- 
nal domain walls are not formed. Each domain 
undergoes a quasi-coherent deterministic polar- 
ization reorientation. 

The deterministic nature of the multiferroic 
phase transition and the stability of the associated 
multiferroic domains allow us to convert neutral 
walls into nominally charged domain walls. This 
dynamical degree of freedom may enable domain 
wall-based nanoelectronics devices in magneti- 
cally induced ferroelectrics. Our results apply to 
noncollinear spin-order-driven ferroelectrics in 
general. They provide a proof of concept for do- 
main engineering in these materials. This is 
matched by ongoing successful attempts to in- 
crease their ordering temperature and sponta- 
neous polarization (32, 33). Resonant excitations 
(34, 35) may lead to polarization flops within a 
picosecond, which could be a foundation for ultra- 
fast deterministic magnetoelectric phase control. 
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Fig. 3. LLG simulation of the deterministic polarization switching. (A and B) bc-plane spin cycloid 
with +P, and —P,, respectively. The local spin torque 7; °¢ —m, x H for H|| + b is represented by solid red 
arrows. For both domain states, the torque forces the cycloidal plane to rotate counterclockwise around 
the b axis. Thus, an intrinsically deterministic polarization flop is acquired. (C) Simulated spatiotemporal 
maps of the local polarization in the ac plane for the polarization switching from —P, at time O to —P, at 
time 1. The polarization rotates in a spatially inhomogeneous way, yet quasi-coherently without gen- 


erating additional domain walls. 
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FRICTION 


Tuning friction atom-by-atom in an 
ion-crystal simulator 


Alexei Bylinskii,* Dorian Gangloff,* Vladan Vuletiét+ 


Friction between ordered, atomically smooth surfaces at the nanoscale (nanofriction) is 
often governed by stick-slip processes. To test long-standing atomistic models of such 
processes, we implemented a synthetic nanofriction interface between a laser-cooled 
Coulomb crystal of individually addressable ions as the moving object and a periodic light- 
field potential as the substrate. We show that stick-slip friction can be tuned from maximal 
to nearly frictionless via arrangement of the ions relative to the substrate. By varying the 
ion number, we also show that this strong dependence of friction on the structural 
mismatch, as predicted by many-particle models, already emerges at the level of two or 
three atoms. This model system enables a microscopic and systematic investigation of 
friction, potentially even into the quantum many-body regime. 


tick-slip friction is a nonlinear phenome- 

non in which two surfaces stick to each 

other owing to a static friction force and 

accumulate potential energy under increas- 

ing applied shear force, then slip suddenly. 
As the released energy is dissipated, the surfaces 
stick again, and the process repeats (1). This phe- 
nomenon occurs on length scales ranging from 
nanometers [biological molecules and atomic 
contacts (J-3)] to the kilometer scales of earth- 
quakes (4). Interestingly, at the nanoscale, lattice 
mismatch between surfaces can cancel the stick- 
ing forces, resulting in continuous and almost 
frictionless sliding termed superlubricity (5). De- 
spite their fundamental and technological impor- 
tance, stick-slip and superlubricity are not fully 
understood because of the difficulty of probing an 
interface with microscopic resolution and control. 

The simplest atomistic friction model is the 
single-particle stick-slip model by Prandtl and 
Tomlinson (PT) (6, 7). The particle, held in a har- 
monic potential of an elastic object crystal, is 
driven across a sinusoidal potential of a rigid 
substrate crystal. This one-particle model, however, 
fails to capture the effects of structural mis- 
match between the crystal surfaces. The Frenkel- 
Kontorova (FK) model (8, 9) instead treats the 
object as an infinite array of atoms joined by 
springs. This model is governed by the commen- 
surability of the unperturbed array and the sub- 
strate and exhibits nontrivial kink dynamics (8), 
the pinned-to-sliding Aubry phase transition (0), 
and the related superlubricity (5). 

Tools based on atomic force microscopy (11) 
can measure atomic-scale slips between surfaces 
comprising down to a few atoms (12-14). This 
has enabled the observation of superlubricity by 
varying the normal load (5) or the relative ori- 
entation of crystal lattices forming the interface 
(16, 17). Most observations in these systems can 
be qualitatively explained via variants of the PT 
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or FK models but without direct access to mi- 
croscopic dynamics. Kink propagation dynamics, 
however, was observed in a macroscopic friction 
simulator with colloidal polystyrene beads in an 
optical lattice (78). 

Here, following recent proposals (19-22), and 
enabled by the recent trapping of an ion in an 
optical lattice (23-25), we introduce an experi- 
mental system that allows us to study and con- 
trol nanofriction at the individual-atom level. We 
form a nanofriction interface (Fig. 1A) by trans- 
porting a trapped-ion crystal with tunable spacings 
(26) over the sinusoidal potential of an optical 
standing wave (optical lattice), emulating an elas- 
tic crystal moving over a rigid periodic substrate. 
We measure the static friction force and the dis- 
sipated energy for each individual ion by tracking 
its position with sublattice spatial resolution and 
time resolution below the thermal relaxation time 
scale. 

™4vb* ions, laser cooled to sub-millikelvin 
temperatures, are held in a linear Paul trap 
with harmonic confinement (27), where they self- 
organize into an inhomogeneous one-dimensional 
crystal owing to their mutual Coulomb repulsion. 
Adding the sinusoidal optical-lattice potential 
(23, 28) produces a corrugated external poten- 
tial V for each ion, given by V/(maja*) = 


9 


1(%-%)"4n + -xcos(**a;) (Fig. 1A). Here, m is 
the ion’s mass, a = 185 nm is the optical-lattice 
period, x; is the ion’s position, and_X is the center 
of the Paul trap. This potential is characterized 
by the dimensionless corrugation parameter n, 
equal to the confinement ratio (@z/@o)” of the 
lattice site vibrational frequency w; /(2m) to the 
Paul trap longitudinal vibrational frequency 
@o /(27), both of which can be tuned over a wide 
range via laser intensity and static electric fields, 
respectively. The translation X(t) = F(t) /(ma%) 
of the Paul trap with respect to the optical lattice 
transports the ion crystal at adjustable speed, 
when the uniform electric force F(Z) is linearly 
ramped. The distribution of ion positions relative 
to the lattice can be tuned with nanometer pre- 
cision via ®o, allowing us to introduce a con- 
trolled structural mismatch between object (ion 
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crystal) and substrate (optical lattice). To remove 
the heat generated by friction, the ions are con- 
tinuously laser cooled to temperatures much lower 
than the optical-lattice depth (23). We observe 
that the scattering of light by an ion is propor- 
tional to the ion’s optical-lattice potential energy 
as a result of the lattice-assisted Raman cooling 
scheme (23, 28). Thus, we can deduce the ion’s 
position with subwavelength resolution during 
transport while its kinetic energy remains below 
its displacement-dependent potential energy— 
i.e., We can measure an ion’s position before a 
slip and when it has cooled down again after a 
slip (28). 

We first benchmark our nanofriction simula- 
tor against the PT model by transporting a single 
trapped ion in the corrugated potential V. Under 


Fig. 1. lon-crystal simulator of A 
stick-slip friction. (A) Synthetic 
nanofriction interface between a 
Coulomb crystal of ?“Yb* ions 

and an optical lattice, with single- 
ion-resolving microscope. The 

typical ion spacing is 6 um, and 

the lattice period is a = 185 nm. 


In the bottom illustration of the = 
corrugated potential, the lattice 

period and the corrugation are 

strongly exaggerated. (B) Stick- Ybt ions 


slip results from bistability, 
illustrated here for a single ion. 
We linearly ramp a shear force, 
causing the ion to jump between 
the minima, and we extract its 
position from its fluorescence, 
proportional to the lattice 
potential energy: (no. 1) ion 
initialized in the left site; (no. 2) 
the applied force pushes the ion 


up the lattice potential, eventually causing the slip; (no. 3) immediately after the slip, the ion is optica 


intermediate corrugation, stick-slip results from 
the applied-force-induced switching between the 
two minima of a bistable potential (Fig. 1B). As 
the force F() is linearly ramped up, the ion sticks 
in the initial site (no. 1), riding up the lattice 
potential and increasing in fluorescence (no. 2), 
until a critical maximum static friction force F;, is 
reached. At that point, the barrier vanishes and 
the initial minimum disappears, resulting in a 
fold catastrophe (1). The ion discontinuously slips 
from its initial site to the global minimum one 
site over (no. 3). The ion then dissipates the 
released energy AW via laser cooling, while 
localization in the lattice potential reduces its 
fluorescence again. The positions of fluores- 
cence peaks in Fig. 2A thus correspond to the 
maximum static friction force F,, when the ion 


B 


= 6um 


Lens 


Corrugated 


potential 
Xj ( 


~~ ae 


ee 
X(t) « Force , 


slips. As the force ramp is reversed, hysteresis 
can be clearly observed in the shift 2F, between 
the forward and reverse slips (Fig. 2A). The fluo- 
rescence increase leading up to each slip is con- 
verted to the ion’s position to reconstruct the 
force-displacement curve enclosing the area 2AW 
(Fig. 2B). We repeat the measurement at different 
values of the corrugation parameter n = («,/@o)” 
and plot in Fig. 2C the maximum static friction 
force F, versus 7. For n < 1, friction vanishes, as 
there is no bistability, and the unique potential 
minimum is continuously translated by the ap- 
plied force. For 1 < n < 4.60, the potential is bi- 
stable and F; increases with ny (linearly in the 
large 1 limit). These results are in excellent agree- 
ment with the PT model (solid line in Fig. 2C). 
The regime with multiple minima n > 4.60 


ly recooled and localizes to the right site; (no. 4), (no. 5), 


and (no. 6), the force ramp reverses and the ion sticks at the right site before slipping back to the left. Slips are identified by maxima in the ion’s fluorescence. 


B 
= iF : = 
2 ee oe 
L 200 ee: ©. Oy 
5 s 0.8 2AW 
© 150 7 
@ 5 0.6 : 
2 = <—____> 
o @ 
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8S obe Pe tin 
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, ! 2 0 0.5 1 


Applied force F / (maa) 


Fig. 2. Measured stick-slip hysteresis cycle of a single ion. (A) Fluorescence 
versus applied force during the forward transport (green squares) and reverse 
transport (red circles), showing hysteresis that is used to measure the 
maximum static friction force F,. The stages of the stick-slip process (no. 1) 
to (no. 6) correspond to the illustrations in Fig. 1B. The bold data points 
indicate the ion’s position before a slip, and only those data are used to 
reconstruct the force-displacement curve. (B) The force-displacement hys- 
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Applied force F / (masa) 


a) 
co) 


2 


oO 


(ma 


Maximum static friction F_/ 


Corrugation parameter n 


teresis loop encloses an area equal to twice the dissipated energy per slip 
AW. The unit masa of the applied force corresponds to 2.8 x 10° N; here, 
@o = 2n x 364 kHz. (C) The static friction force disappears for corrugations 
7 < land increases linearly with corrugation for n > 1, in excellent agreement 
with the Prandtl-Tomlinson model with no free parameters (red solid line). In 
(A), error bars indicate 1 SD, and for (B) and (C), statistical error bars are 
smaller than the symbols. The data in (A) and (B) were measured at n = 2.8. 
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results in more complicated multiple-slip pat- 
terns (29), sensitive to the recooling time con- 
stant, and is not explored here. 

To study multiparticle models with a trapped 
ion crystal, we load a desired number of ions up 


peyoyew 


— Force —> 


peyoyewsip| 


Fig. 3. Changing friction in a 3-ion crystal from maximal to nearly frictionless (superlubric) by 
structural mismatch. In the matched case (top), the ions stick and slip synchronously during transport 
(the observed photon detection rate for each ion, expressed in color, is maximum when the given ion 
slips over a potential barrier). The large hysteresis corresponds to large friction, shown here for the 
middle ion. In the mismatched case (bottom), the different ions slide over lattice barriers one at a time, 


and the friction and hysteresis nearly vanish. 


to N = 6 and control their matching to the pe- 
riodic optical-lattice potential via the electrostatic 
harmonic confinement wo. In the FK model, 
mismatch is manifested as incommensurability 
of the (infinite) object and substrate lattices. 


Although our ion crystals are finite and inhomo- 
geneous, we find that the essence of the FK 
model can be captured by introducing a match- 
ing parameter g that quantifies the alignment 
of the ions with equivalent points on the lat- 
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0.01 
mismatched 


tice when unperturbed by it. We define gq = 


maxy Ds sin(2n(ajo - x)/a) , the maximum 
i 
possible normalized averaged force of the optical 


lattice on the ions, when considering their 
lattice-free (unperturbed) equilibrium positions 
jo as the harmonic trap is displaced relative to 
the lattice. g is also related to the normalized 
potential barrier in the bistable energy landscape 
seen by the unperturbed ion crystal. By adjusting 
the Paul trap vibration frequency @o, we can 
continuously vary the g value (28) between g = 
1, where each ion experiences an identical lattice 
force and the crystal behaves like a single particle 
(corresponding to the commensurate case in the 
FK model), and g = 0, where the lattice forces on 
the unperturbed crystal cancel out (analogous 
to an incommensurate arrangement). 

For a selected matching parameter gq, we drive 
the ion crystal across the lattice by linearly in- 
creasing the applied force and measure for each 
ion separately the stick-slip hysteresis, extracting 
F, and AW. This is performed for crystal sizes 
from N = 2 to N = 6 ions at avalue of n just below 
4.60. As we switch from the matched case g = 1 to 
the mismatched case q = 0, we observe the fric- 
tion change from maximal, corresponding to 
strong one-ion stick-slip friction for each ion, to 
nearly zero, corresponding to a superlubric re- 
gime, as shown in Fig. 3 for N = 3. Fluorescence 
of all three ions is plotted against the applied 
force in the forward and reverse directions, and 
the fluorescence peaks indicate the moment when 
each ion passes the barrier between two lattice 
sites. The data reveal that in the matched case, 
ions stick and slip together as a rigid body, with 
strong hysteresis between the forward and re- 
verse transport, resulting in the maximal force- 
displacement hysteresis loop for each ion (middle 
ion shown), and maximal friction. By contrast, in 
the mismatched case, the ions move over the lat- 
tice in a staggered kink-like fashion, and each ion 
experiences almost no hysteresis or friction. Thus, 


Fig. 4. The dependence of friction on object-substrate struc- 
tural matching for different crystal sizes. Measured maximum 
static friction force F, for N = 2, 3, and 6 ions (red squares, green 
circles, and blue diamonds, respectively), averaged over the ions 
and normalized to F; as measured for a single trapped ion. Error 
bars represent 1 SD. Simulations for N = 2, 3, and 6 are shown for 
T = O (red, green, and blue dashed lines, respectively) and finite 
q-dependent temperature (red, green, and blue solid lines). Simu- 
lation parameters are chosen to match known experimental 
parameters: the measured temperature kgT(q =1)/U = 0.05 
(corresponding to 48 wk); the optical-lattice depth U/h = 20 MHz 
(equivalent to n = 4.6); the driving velocity v = 0.4mm/s; and the 
recooling rate constant from laser cooling r = 2m x 3 kHz. Only 
the q = O temperature is fitted, yielding kgT(q = 0)/U = 0.15 
(corresponding to 144 uk) for all the values of N shown [see (28)]. 
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the structural suppression of friction is accom- 
panied by a transition in the nature of transport 
from a simultaneous slipping regime reducible 
to an effective single-particle PT model, to a kink 
propagation regime characteristic of the infinite 
FK model. 

In Fig. 4, we plot the measured maximum sta- 
tic friction force F,, averaged over the ions in 
the crystal, versus the matching gq. (The dissi- 
pated energy AW follows the same g depen- 
dence). As qg is lowered from 1, the friction drops 
quickly, then slowly approaches a much reduced 
value at g = 0, which decreases with increasing 
crystal size. Notably, at g = 0 (mismatched limit) 
there is an almost 10-fold reduction in friction 
already for N = 2 ions, and a 100-fold reduction 
for N = 6 ions. Numerical simulations of this 
behavior at zero temperature (dashed lines in 
Fig. 4) show qualitative agreement but fail to 
account for the finite temperature of the ions 
in the experiment. For lower q values, the effec- 
tive barrier separating two potential minima is 
reduced, and the friction becomes more sen- 
sitive to temperature (28). To take temperature- 
induced friction reduction (thermolubricity) (7) 
into account, we perform full dynamics simu- 
lations accounting for the finite crystal temper- 
ature (28) and find good agreement with the 
experiment (solid lines in Fig. 4). These simu- 
lations indicate that in the limit of low q, ther- 
molubricity and superlubricity (mismatch-induced 
lubricity) reduce the observed friction by similar 
factors in our data. 

Our results indicate that it may be possible to 
engineer nanofriction by structural control in 
finite-size systems. Intriguing future possibilities 
include the coupling to internal states of the ions 
(30) for the study of spin-dependent transport 
and friction (22) and the regime of weak periodic 
potentials, where quantum-mechanical tunneling 
may lead to new quantum phases (19, 22). 
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FRICTION 


Macroscale superlubricity enabled by 
graphene nanoscroll formation 


Diana Berman,’ Sanket A. Deshmukh,’ Subramanian K. R. S. Sankaranarayanan,’ 


Ali Erdemir,” Anirudha V. Sumant’* 


Friction and wear remain as the primary modes of mechanical energy dissipation in 
moving mechanical assemblies; thus, it is desirable to minimize friction in a number of 
applications. We demonstrate that superlubricity can be realized at engineering scale when 
graphene is used in combination with nanodiamond particles and diamondlike carbon 
(DLC). Macroscopic superlubricity originates because graphene patches at a sliding 
interface wrap around nanodiamonds to form nanoscrolls with reduced contact area 

that slide against the DLC surface, achieving an incommensurate contact and substantially 
reduced coefficient of friction (~0.004). Atomistic simulations elucidate the overall 
mechanism and mesoscopic link bridging the nanoscale mechanics and macroscopic 


experimental observations. 


acroscopic friction and wear remain the 

primary modes of mechanical energy 

dissipation in moving mechanical assem- 

blies such as pumps, compressors, and 

turbines, leading to unwanted material 
loss and wasted energy. It is estimated that 
nearly one third of the fuel used in automobiles 
is spent to overcome friction, while wear limits 
mechanical component life. Even a modest 20% 
reduction in friction can substantially affect cost 
economics in terms of energy savings and envi- 
ronmental benefits (7). In that context, super- 
lubricity is desirable for various applications and 
therefore is an active area of research. To date, 
superlubricity has been primarily realized in a 
limited number of experiments involving atom- 
ically smooth and perfectly crystalline materials 
(2-5) and supported by theoretical studies (6, 7). 
Superlubricity has been demonstrated for high- 
ly oriented pyrolytic graphite (HOPG) surfaces 
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(8), as well as for multiwalled carbon nanotubes 
(MWCNTs), when the conditions for incommen- 
surate contacts are met in a dry environment (9). 
Because these conditions are due to the in- 
commensurability of lattice planes sliding against 
each other, they are referred to as structural lubri- 
city and restricted to material interactions at the 
nanoscale. At the macroscale, this structural effect 
(hence, superlubricity) is lost because of the struc- 
tural imperfections and disorder caused by many 
defects and deformations. 

Low friction has recently been observed in 
centimeter-long double-walled carbon nanotubes 
with perfect atomic structures and long perio- 
dicity (10). Ultralow friction in disordered solid 
interfaces, such as self-mated DLC films (11-14) 
and in fullerenelike nanoparticles such as molyb- 
denum disulfide (MoS,) (75), has been observed 
under specific environmental and sliding con- 
ditions. However, the exact superlubricity mech- 
anism in the above cases is still debatable and is 
not realized for industrial applications. In recent 
studies at the nano- and macroscale, graphene 
has shown a potential to substantially lower 
friction (16-18) and wear (19-21) under specific 
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conditions. However, sustained macroscale super- 
lubricity, particularly at engineering scales, has 
yet to be demonstrated. 

We demonstrate our observation of stable mac- 
roscale superlubricity while sliding a graphene- 
coated surface against a DLC-coated counterface. 
Our initial assumption was that the random 
network of mixed sp?/sp? bonded carbon in 
DLC might provide the perfect incommensurate 
surface needed for the ordered graphene flakes 
to slide against DLC with least resistance. This 
was indeed proved to be true; however, the co- 
efficient of friction (COF) values for graphene 
sliding against DLC in a dry environment were 
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not in the superlubric regime (COF ~ 0.04, as 
shown in Fig. 1B). Initial observation of the wear 
debris revealed formation of graphene nano- 
scrolls in the wear track. This prompted us to 
use nanodiamond as an additive, which may 
act as nano ball bearings when covered by 
graphene, providing extra mechanical strength. 
We saw a dramatic reduction in friction, reach- 
ing the superlubric state [in Fig. 1B and inset, the 
COF dropped to near zero (0.004)] in a dry en- 
vironment, when we introduced nanodiamond 
in combination with few-layer (three to four lay- 
ers) graphene flakes on the silicon dioxide (SiO) 
substrate by means of a solution process method 
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Fig. 1. Experimental demonstration of the superlubricity regime. (A) Not-to-scale schematic of the 
superlubricity test. (B) The COF for DLC ball sliding in a dry nitrogen environment against (i) graphene-plus- 
nanodiamonds (superlubricity state with COF ~ 0.004 + 0.002), (ii) graphene alone (COF ~ 0.04 + 0.01), 
and (iii) nanodiamond alone (COF ~ 0.07 + 0.01). (Inset) A plot for superlubricity. (C) In the case of 
superlubricity, the wear tracks on the flat side and on the ball side (fig. S3) are almost invisible. (Inset) A 
typical Raman signature of defective graphene. (D and E) For graphene-plus-nanodiamond sliding against a 
DLC ball in a humid environment, (D) the COF reveals a high value of ~0.27 + 0.04, (E) the corre- 
sponding wear track on the flat side is wide, and the inset shows a Raman signature corresponding to 
graphitized carbon debris. The tests were performed at room temperature under 1 N load and with 3 cm/s 


linear speed. 
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(figs. S1 and $2), providing a partial coverage on 
the SiO. surface (22). The observed wear marks 
on the flat (Fig. 1C) and ball sides were minimal 
and produced primarily by the contact pressure 
during sliding tests (fig. S3). Raman analysis of 
the wear track (Fig. 1C, inset) showed modifi- 
cation of graphene inside the wear track as ob- 
served in a decreased 2D peak (at ~2660 cm™’) 
and an increased D peak (at ~1330 cm~') in com- 
parison with the initial graphene’s Raman signa- 
ture, indicating a gradual loss of crystallinity of 
few-layer graphene and an increase in defects 
possibly due to tearing of graphene under con- 
stant sliding at high contact pressure (0.3 GPa). 
The Raman spectrum indicates no DLC transfer 
in the wear track during sliding, thus confirming 
that the superlubricity regime is not connected 
with the previously observed low-friction perform- 
ance of DLC against DLC (fig. S14) (72). 

The necessity of using graphene-plus-nano- 
diamonds in establishing the superlubricity is 
demonstrated in Fig. 1B. In particular, graphene 
or nanodiamond when used alone on a SiO, sub- 
strate sliding against a DLC ball in a dry envi- 
ronment displays higher values of COF (0.04 and 
0.07). Additionally, the erratic nature of COF in- 
dicates large wear debris formation. 

Our experimental studies confirm that the stable 
superlubricity regime occurs over a wide range 
of test conditions; when the load was changed 
from 0.5 to 3 N, velocity was varied from 0.6 to 
25 cm/s, temperature increased from 20°C to 
50°C (fig. S15), and the substrate was changed 
to nickel or bare silicon (fig. S16). The temper- 
ature and velocity range for maintaining stable 
superlubricity is further backed by theoretical 
simulations (tables S2 and S3). 

For graphene-plus-nanodiamonds in an ambi- 
ent humid environment (relative humidity ~30%), 
both COF and wear were comparatively large 
(Fig. 1, D and E). A substantial amount of graphi- 
tized carbon debris was formed in the wear 
track, as shown by the optical images and Raman 
data (Fig. 1E and fig. S3), and the substrate itself 
suffered from substantial wear during sliding. 
The distinctiveness of the tribopair and dramatic 
dependence on the environmental conditions led 
us to further explore the underlyng mechanism 
for the observed superlubricity. 

We carried out more detailed analysis of the 
wear track that formed during the superlub- 
ricity regime in dry nitrogen by sampling and 
examining the wear debris with transmission 
electron microscopy (TEM). As shown in the TEM 
images in Fig. 2, a large fraction of the nano- 
diamonds were wrapped by graphene nano- 
scrolls (more detailed scroll images are shown 
in fig. $4). Electron energy-loss spectra (EELS) 
confirmed the presence of diamond in the wear 
debris, as evident from the typical EELS signa- 
ture for diamond. The n* peak (at ~285 eV) in 
the carbon K-edge represents a small fraction of 
sp” bonded carbon owing to the presence of the 
few layers of graphene wrapped around the nano- 
diamond, which is similar to the disordered 
carbon shell observed previously in detonated 
nanodiamonds (23). For pure nanodiamonds, 
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this 2* peak should be absent (23, 24), whereas 
in case of pure graphene scrolls, this 2* peak is 
higher (Fig. 2B, inset). Because of the random 
orientation of scrolls with diamond embedded 
inside, we had to focus the TEM differently in 
order to view clearly the diamond lattice and 
graphene layers; therefore, some of the scrolls 
in Fig. 2 do not show nanodiamonds inside. 

To further explore the superlubricity mecha- 
nism, we performed molecular dynamics (MD) 
simulations (table S1) (22), and our simulations 
suggest that nanodiamonds can activate, guide, 
and stabilize the scrolling of initially planar 
graphene patches (fig. S5). During sliding in a dry 
environment, nanodiamonds facilitate scroll for- 
mation via two mechanisms: (i) Graphene plate- 
lets are highly reactive and easily attach to the 
dangling bonds present on the surface of nano- 
diamonds, initiating the scroll formation; and 
(ii) the sliding graphene patches encounter the 
three-dimensional (3D) structure of nanodia- 
monds, which act as obstructions (fig. S9). Addi- 
tionally, the presence of topological defects (such 
as double vacancies or Stone-Wales) in graphene 
is expected to promote the scrolling behavior 
(fig. S12). On the basis of relative binding ener- 
getics between graphene-DLC and graphene- 
nanodiamond, we found that graphene prefers 
to wrap around the nanodiamond to promote 
higher surface contact (fig. S10). Once in a scrolled 
state, the final structures of graphene on dia- 
mond are well coordinated and stabilized by van 
der Waals forces. 

Scroll formation and evolution of the COF 
are shown in Fig. 3, A and B, respectively, for a 
single graphene patch in a dry environment. At 
time ¢ < 1.0 ns, COF values are high, ~0.2 to 0.4, 
because the graphene patch is in an extended or 
unscrolled state. The wrapping of a graphene 
sheet over the nanodiamonds begins at ~1.5 ns; 
this coincides with COF values dropping sub- 
stantially, leading to a superlubric state that is 
maintained until the end of the simulation. Once 
formed, these scrolls slide against randomly ar- 
ranged DLC atoms, which provide an incom- 
mensurate contact. This constant out-of-registry 
sliding translates into a superlubric regime. The 
COF also depends on the contact area between 
formed graphene scrolls and DLC. The super- 
lubricity is thus attributed to (i) reduction in the 
interfacial contact area (>65%) and (ii) incom- 
mensurability between DLC and graphene scrolls. 

At the molecular level, the observed super- 
lubricity has its origin in graphene’s nanoscopic 
anisotropic crystal structure, which consists of 
strong covalent intralayer bonding and weaker 
dispersive interlayer interactions. The structural 
contact between an incommensurate DLC ball 
and the graphene scrolls allows DLC to slide on 
top of the underlying graphene sheets by over- 
coming relatively small energetic barriers. In 
recent experiments, Dienwiebel et al. (8) ob- 
served friction reduction to vanishingly small 
values, depending on the degree of commen- 
surability between the graphene flakes and the 
extended graphite surface. In an incommen- 
surate state, the unit-cells in contact have to 
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overcome much smaller barriers at any point in 
time, leading to considerably reduced resistance 
toward sliding. Consistent with the prediction 
of Mo et al. (25), we found that the friction force 
depends linearly on the number of atoms that 
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Fig. 2. Graphene nanoscrolls formation. (A and B) TEM images of the wear debris for DLC ball sliding 
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Fig. 3. Simulations of the single-scroll formation. (A to D) Temporal evolution of nanoscale friction for 
DLC ball sliding against graphene-plus-nanodiamonds in [(A) and (B)] dry and [(C) and (D)] humid envi- 
ronments extracted based on the MD simulation trajectories. Graphene scroll formation over nanodiamonds 
is observed in a dry environment (the steady-state COF is 0.005 + 0.004), whereas ordered water layers 
above the graphene flakes prevent scroll formation in the humid environment (COF is 0.12 + 0.04). 
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forces, scrolling-induced reduction in nanoscopic 
contact is substantial enough to lead to a super- 
lubric state. 

Our experiments suggest that the humid envi- 
ronment increases the friction and wear of the ball 
side because graphene layers remain strongly at- 
tached on the surface. We therefore performed MD 
simulations of the DLC-nanodiamond-graphene 
system in a humid environment (fig. S6). MD tra- 
jectories suggest formation of quasi-2D ordered 
water layers between the nanoscopic contacts, 
the DLC and graphene sheets (Fig. 3, C and D). 
These water layers prevent the scrolling of the 
graphene during sliding (fig. $7), and the ordered 
2D water layers [based on calculated translational 
and tetrahedral orders (supplementary text) (22)] 
present a constant energy barrier for the DLC to 
overcome. These two effects result in little or no 
friction variation over time (Fig. 3D), and a nearly 
constant high-friction condition is maintained 
(COF ~ 0.1). We have simulated the effects of 
surface chemistry and considered the role of de- 
fects (supplementary text) (22). We found that 
the presence of defects greatly facilitates the 
adsorption of water from the ambient atmo- 
sphere (fig. S13). Water preferentially adsorbs 
and stabilizes defective sites, which further pre- 
vents the formation of scrolls. 


To bridge the gap between the nanoscale me- 
chanics and macroscopic contacts evident in our 
experiments, we performed a large-scale MD 
simulation for an ensemble of graphene-plus- 
nanodiamonds present between DLC and the 
underlying multilayered graphene substrate (fig. 
S8). The mesoscopic link is crucial to explain how 
the formation of nanoscrolls translates from a 
nanosystem with a single graphene patch (square- 
nanometer area of sliding interface) into the 
observed superlubricity at the macroscale (square- 
millimeter area). We evaluated the collective 
scrolling and tribological behavior of many in- 
dividual graphene patches and created a den- 
sity distribution of their tribological state in 
order to assess their contribution to the ob- 
served friction. During the initial sliding period 
at t = O, the unscrolled graphene patches are in 
close contact with the interface. The contact area 
normalized with respect to the initial value at ¢ = 0 
is ~1 (22), as shown in Fig. 4C. The density 
distribution of COF values (Fig. 4B) shows a 
narrow distribution with a peak at ~0.6 to 0.7, 
suggesting that the system is in a high-friction 
state. With time (200 to 300 ps), the graphene 
patches increasingly scroll over nanodiamonds, 
and we observe a corresponding reduction in 
this peak intensity. The density profile shows a 


Initial configuration B 


8 


Number density (p) 


C 
Final configuration 
t= 500 ps 


AlAy 


Fig. 4. Mesoscale MD simulations of superlubricity. Mesoscale MD simulations demonstrating 
the time evolution in the distribution of COF values. (A) Snapshot showing the scroll formation on 
nanodiamonds for an ensemble of graphene patches when subjected to sliding. (B) Temporal 
evolution of COF distribution averaged over an ensemble of graphene patches. (C) Evolution of the corresponding contact area. Initially at t = O ps, the patches 
are mostly sheetlike and in close contact with DLC, leading to an average COF of ~0.6 to 0.7. Sliding of DLC increases the probability of scroll formation by 
graphene patches, leading to a decrease in the average contact area, which manifests in the form of macroscopic superlubricity. The ensemble-averaged COF 
shifts to superlubric values at t = 500 ps, when most of the graphene patches are in a scrolled state. 
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broader distribution and shifts prominently 
toward lower COFs (<0.2). The contact area, which 
is proportional to the number of interacting 
atoms, reduces by 40 to 50% during (26) this 
period. During the latter stages (~500 ps), most 
of the graphene patches are scrolled. The density 
profile shows a shift in the distribution to COF 
values <<0.01. The effective contact area in the 
present case is reduced significantly, by ~65 to 
70%, and the mesoscopic system has reached a 
superlubric state. 

The tribological evolution of a single graphene 
patch at the nanoscale resembles that of a single 
asperity contact, whereas the mesoscopic behav- 
ior resembles a multiple asperity contact. The 
friction mechanism at the mesoscale for an en- 
semble of graphene patches is not different from 
nanoscale (single patch). The initial tribological 
state of the patches, as well as the configuration 
of the patches versus nanodiamonds, dictates the 
dynamics of scroll formation, which in turn af- 
fects the dynamical evolution of COF for the 
mesoscopic system. The macroscopic contact 
in our experiments can be envisioned as com- 
prising a much larger number of such smaller 
contacts or asperities, which explains the dif- 
ference in time for the onset of the superlubric 
state in the experiments versus simulated systems. 


COF distribution 


Final configuration 
(superlubricity) 


500 


400 00 
2 
300 S$ 
200 £ 


S 
100 3 


a 

> 

0 y 

A 08 o9 aS 
i) 


Contact area reduction 


0.35 
N 


Final configuration 
(superlubricity) 


t) 


100 200 300 400 500 600 700 800 


Simulation time (ps) 


5 JUNE 2015 « VOL 348 ISSUE 6239 1121 


RESEARCH | REPORTS 


REFERENCES AND NOTES 


1. A. Z. Szeri, Tribology: Friction, Lubrication, and Wear 
(Hemisphere, Panama City, Panama, 1980). 

2. M. Dienwiebel, N. Pradeep, G. S. Verhoeven, H. W. Zandbergen, 

. W. M. Frenken, Surf. Sci. 576, 197 (2005). 

3. M. Hirano, K. Shinjo, R. Kaneko, Y. Murata, Phys. Rev. Lett. 78, 

448-1451 (1997). 

4. J.M. Martin, C. Donnet, T. Le Mogne, T. Epicier, Phys. Rev. B 

Condens. Matter 48, 10583-10586 (1993). 

5. X. Feng, S. Kwon, J. Y. Park, M. Salmeron, ACS Nano 7, 

718-1724 (2013). 

6. Y. Guo, W. Guo, C. Chen, Phys. Rev. B 76, 155429 (2007). 

7. M. Hirano, K. Shinjo, Phys. Rev. B Condens. Matter 41, 

1837-11851 (1990). 

8. M. Dienwiebel et al., Phys. Rev. Lett. 92, 126101 (2004). 

9. J. Cumings, A. Zettl, Science 289, 602-604 (2000). 

Q. R. Zhang et al., Nat. Nanotechnol. 8, 912-916 (2013). 

1. A. Erdemir, in Handbook of Modern Tribology, B. Bhushan, Ed. 
(CRC Press, Boca Raton, FL, 2001), pp. 787-818. 

2. A. Erdemir, C. Donnet, J. Phys. D Appl. Phys. 39, R311-R327 (2006). 

3. J. A. Heimberg, K. J. Wahl, |. L. Singer, A. Erdemir, Appl. Phys. 
Lett. 78, 2449 (2001). 

A. C. Wang, S. Yang, Q. Wang, Z. Wang, J. Zhang, Nanotechnology 
19, 225709 (2008). 

5. M. Chhowalla, G. A. J. Amaratunga, Nature 407, 164-167 (2000). 

6. Z. Deng, A. Smolyanitsky, Q. Li, X.-Q. Feng, R. J. Cannara, Nat. 
Mater. 11, 1032-1037 (2012). 

7. C. Lee et al., Science 328, 76-80 (2010). 

8. L. Xu, T. B. Ma, Y. Z. Hu, H. Wang, Nanotechnology 22, 285708 
(2011). 

9. D. Berman, A. Erdemir, A. V. Sumant, Carbon 54, 454-459 (2013). 

20. D. Berman, A. Erdemir, A. V. Sumant, Carbon 59, 167-175 (2013). 

21. S. S. Kandanur et al., Carbon 50, 3178-3183 (2012). 

22. Materials and methods are available as supplementa' 
materials on Science Online. 

23. S. Turner et al., Adv. Funct. Mater. 19, 2116-2124 (2009). 

24. V. N. Mochalin, 0. Shenderova, D. Ho, Y. Gogotsi, Nat. 
Nanotechnol. 7, 11-23 (2012). 

25. Y. Mo, K. T. Turner, |. Szlufarska, Nature 457, 1116-1119 (2009). 

26. Z. Liu et al., Phys. Rev. Lett. 108, 205503 (2012). 


= 


y 


ACKNOWLEDGMENTS 


The help in the TEM data collection by Y. Liu is greatly appreciated. 
Use of the Center for Nanoscale Materials was supported by the 
U.S. Department of Energy, Office of Science, Office of Basic 
Energy Sciences, under contract DE-ACO2-06CH11357. This 
research used resources of the National Energy Research Scientific 
Computing Center, which is supported by the Office of Science of 
the U.S. Department of Energy under contract DE-ACO2- 
05CH11231. This research used tribological test facilities of the 
Energy Systems Division supported by the Vehicle Technologies 
Program of the Office of Energy Efficiency and Renewable Energy 
of the U.S. Department of Energy under contract DE-ACO2- 
06CH11357. An award of computer time was provided by the 
Innovative and Novel Computational Impact on Theory and 
Experiment (INCITE) program. This research used resources of the 
Argonne Leadership Computing Facility at Argonne National 
Laboratory, which is supported by the Office of Science of the U.S. 
Department of Energy under contract DE-ACO2-06CH11357. 
Experimental data and simulations are archived on servers at 
Argonne National Laboratory. Part of the experimental results are 
covered by a patent (US20140023864A1). Both D.B. and S.D. 
contributed equally in this work. D.B. performed the experiments 
and analyzed the data. S.D. and S.K.R.S. devised and performed 
the molecular dynamics simulations and performed all the related 
data analysis. A.V.S. conceived the idea, helped in the data analysis 
of experimental results, and directed the project. A.E. codirected the 
project and helped in the data analysis of tribological tests. S.K.R.S. 
guided the simulation effort. D.B., S.D., S.K.R.S., A-E., and A.V.S equally 
contributed to discussing the results and composing the manuscript. 


SUPPLEMENTARY MATERIALS 
www.sciencemag.org/content/348/6239/1118/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. Sl to S16 

Tables S1 to S3 

References (27-45) 

Movie S1 


2 October 2014; accepted 1 April 2015 
Published online 14 May 2015; 
10.1126/science.1262024 


1122 = 5 JUNE 2015 + VOL 348 ISSUE 6239 


ORGANIC THIN FILMS 


Rational synthesis of organic thin 
films with exceptional long-range 


structural integrity 


Noriya Seiki,’ Yoshiaki Shoji,“ Takashi Kajitani,”? Fumitaka Ishiwari,’ Atsuko Kosaka,” 
Takaaki Hikima,® Masaki Takata,* Takao Someya,” Takanori Fukushima’?* 


Highly oriented, domain-boundary-free organic thin films could find use in various 
high-performance organic materials and devices. However, even with state-of-the-art 
supramolecular chemistry, it is difficult to construct organic thin films with 
structural integrity in a size regime beyond the micrometer length scale. We show 
that a space-filling design, relying on the two-dimensional (2D) nested hexagonal 
packing of a particular type of triptycene, enables the formation of large-area 
molecular films with long-range 2D structural integrity up to the centimeter length 
scale by vacuum evaporation, spin-coating, and cooling from the isotropic liquid 
of the triptycene. X-ray diffraction analysis and microscopic observations reveal 
that triptycene molecules form a completely oriented 2D (hexagonal triptycene 
array) + 1D (layer stacking) structure, which is key for the long-range propagation 


of structural order. 


olymers with inherent flexibility and flu- 

idity can be processed into macroscopic 

thin films with one-dimensional (1D) struc- 

tural order with the assistance of shear 

stress and external fields (7, 2). Such phys- 
ical forces also allow the macroscopic align- 
ment of 2D periodic structures formed by the 
microphase separation of block copolymers 
(3, 4). Because polymer chains always fluctu- 
ate microscopically, polymeric systems may be 
advantageous in that the entropy loss associ- 
ated with large-scale ordering does not seem 
to be so critical. However, the above situation 
does not hold true for small organic molecules. 
Given that self-assembly of small molecules 
generally proceeds via a nucleation-and-growth 
mechanism (5, 6), it is difficult for the constit- 
uent molecules, once structured, to undergo 
large reordering. In principle, the construction 
of domain-boundary-free films from small or- 
ganic molecules is considered to require single- 
site nucleation and subsequent propagation of 
the resulting structure throughout the entire 
film. This process poses a major obstacle to en- 
dowing organic films with structural integrity 
at macroscopic length scales, even beyond mi- 
crometer length scales. 

To overcome this critical issue in the design of 
organic thin films, we developed a 2D + 1D as- 
sembly, inspired by the structure of highly ori- 
ented pyrolytic graphite. If a 2D molecular layer 
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free of domain boundaries was constructed at 
macroscopic length scales, it could undergo 
1D assembly to form a perfectly oriented mo- 
lecular film with 3D structural integrity. The 
geometrical requirement for tessellation of 
regular polygons that can fill a Euclidean plane 
upon closest packing is limited to triangles, 
tetragons, and hexagons. However, the former 
two polygons have no geometrical constraints 
regarding vertex displacement, which can cause 
in-plane translational disorder (Fig. 1, A and 
B). Such disordering is not likely to occur with 
hexagons, although in-plane rotational disorder 
can occur (Fig. 1C); note that liquid crystalline 
films composed of a hexagonal columnar as- 
sembly exhibit scarcely any long-range lattice 
order (7, 8). Nevertheless, if such rotational dis- 
order can be suppressed, a hexagon could serve 
as an ideal structural element for uniform tes- 
sellation, and we anticipated that a three-bladed, 
propeller-shaped molecular motif could assem- 
ble into a 2D hexagonal structure by nested 
packing (Fig. 1D). Interpenetration of the pro- 
peller parts would not only suppress structural 
fluctuations at the molecular level but also cor- 
rect locally occurring lattice mismatches, thus 
enabling a long-range propagation of the hexag- 
onal structural order. 

We used this space-filling design to construct 
a 2D layer with a particular type of triptycene, 
and we show that the resulting organic films 
possess extraordinary long-range 2D struc- 
tural integrity up to the centimeter length scale. 
Triptycene, a propeller-shaped rigid molecule 
consisting of three 120°-oriented phenylene 
rings, offers a large free volume around the 
aromatic skeleton. A wide variety of triptycene 
derivatives have been synthesized as building 
blocks for macrocycles (9), polymer aligners 
(10), and porous solids (11, 12) to exploit their 
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free volume for host-guest chemistry. Our space- 
filling design relies on mutual intrusion of the 
phenylene rings to create a highly dense, nested 
packing structure (Fig. 1D). Although nonsub- 
stituted triptycene assembles in a different 
manner (13), our analysis of the Cambridge Struc- 
tural Database (14, 15) indicates that several 
triptycene derivatives adopt nested packing 
structures in crystals (16-18). However, this pack- 
ing pattern has never received any special at- 
tention in the design of organic materials, except 
for one example of a liquid crystalline triptycene, 
which was reported to form a hexagonal lattice 
in its mesophase (19). 

A tripodal functionalization of triptycene 
(Fig. 1E) could serve as a universal building block 
to achieve nested hexagonal packing, and we 
synthesized a series of tripodal paraffinic tripty- 
cenes (Trip-C12, Trip-C18, Trip-C12-F, and 
Trip-C12’) (Fig. 1E) by etherification of 1,8,13- 
trihydroxytriptycene with the corresponding al- 
kyl halides [see supplementary materials (20)]. 
The incorporation of soft side chains endows 
the molecules with fluidity to facilitate the fab- 
rication of film samples. The tripodal paraffinic 
triptycenes (Fig. 1E) in bulk formed a hexago- 
nal lattice by nested packing. Differential scan- 
ning calorimetry of Trip-C12, upon cooling 
from its isotropic hot melt, displayed an exo- 
thermic crystallization peak at 207°C (fig. SLA). 
The powder x-ray diffraction (XRD) pattern of 
the bulk sample of Trip-C12 in a glass cap- 


illary was obtained (20) after heating the crys- 
talline sample above the melting point (210°C) 
and then cooling to 30°C. We assigned the mul- 
tiple XRD peaks to a superposition of two sets 
of diffraction patterns (Fig. 2A). Four XRD 
peaks with d-spacings of 2.43, 1.21, 0.81, and 
0.61 nm originated from a lamellar structure 
and were indexed, respectively, as diffractions 
from the (001), (002), (003), and (004) planes. 
The layer spacing (d = 2.43 nm) is comparable to 
the length of the long molecular axis of Trip-C12 
(2.1 nm). The XRD peaks observed at a wider- 
angle region (scattering vector g > 9 nm”) had 
d-spacings of 0.70, 0.40, 0.35, and 0.26 nm; the 
ratio of the d-spacings (1 : /3 : 2 : V7) complete- 
ly agrees with the values required for diffractions 
from the (100), (110), (200), and (210) planes of a 
hexagonal lattice. The lattice parameter, a = 
0.81 nm, given by 2djo0 / /3, is consistent with 
the distance between centroids (0.80 nm) of in- 
plane triptycene moieties in single-crystalline 
Trip-C12 and 1,8,13-trimethoxytriptycene (table 
S1 and fig. S2) (20). 

The XRD profile of Trip-C12 can be rational- 
ized by considering that the nested hexagonal 
packing of the triptycene moieties gives 2D ar- 
rays that undergo 1D alignment through paraf- 
finic domains of the dodecyl chains to form the 
lamellar structure (Fig. 2A, inset). We confirmed 
that all of the tripodal paraffinic triptycenes 
(Fig. 1E) similarly self-assemble to form a lamel- 
lar structure such that the hexagonal lattice 


parameters are almost identical, whereas the in- 
terlayer distances change depending on the length 
of the paraffinic side chains (table S2 and figs. S3 
to S6). All of the structural features observed for 
the bulk samples indicate that the tripodal trip- 
tycene is an eligible motif for substantiating the 
2D + 1D assembly. 

When a powder sample of Trip-C12, sand- 
wiched between 100-um-thick sapphire sub- 
strates, was once heated (215°C) to an isotropic 
liquid and then cooled slowly (0.5°C/min) to 
25°C (2), the resulting film showed an entirely 
dark image (fig. S7A) in polarized optical mi- 
croscopy. A conoscope image of this nonbire- 
fringent film showed an excellent symmetrical 
isogyre cross (fig. S7A, inset), indicating that a 
continuous layer structure is uniformly formed 
parallel to the substrate surface. The through- 
view XRD image of this film (Fig. 2, C and D) 
shows three sets of hexagonally arranged spots 
with d-spacings of 0.70, 0.40, and 0.35 nm arising 
from diffraction from the (100), (110), and (200) 
planes, respectively, of the hexagonal lattice 
formed by nested packing of the triptycene 
moiety. Diffraction from (007) planes was not 
detected. From this XRD profile, together with 
the conoscopic image (fig. S7A, inset), we conclude 
that the 2D hexagonal arrays of the triptycene 
pile up parallel to the substrate surface. The 
domain of the Trip-C12 assembly, featuring a 
2D (hexagonal triptycene array) + 1D (layer stack- 
ing) structural order (22), is actually greater 
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Fig. 1. Schematic representations of geometrical models and chemical compounds for the space-filling design. Uniform tessellation with regular 
polygons: triangles [(A), top], tetragons [(B), top], and hexagons [(C), top]. Translational and rotational disorder may occur for the former two polygons [(A and 
B), bottom] and hexagons [(C), bottom], respectively. (D) Space-filling model with a three-bladed, propeller-shaped motif, capable of forming a 2D hexagonal 
array by the interpenetration of its propeller parts (nested packing). The 2D hexagonal arrays stack one-dimensionally to form multilayers with long-range 
structural order. (E) Molecular structures of a series of tripodal paraffinic triptycenes (Trip-C12, Trip-C18, Trip-C12-F, and Trip-C12") used for embodying the 
space-filling design. Me, methyl. 
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than the x-ray beam size (350 um by 150 uum) 
used for the experiment. Even more surprising, 
through-view XRD images of the film, observed 
at more than 30 different points, displayed hex- 
agonally arranged diffraction spots with iden- 
tical orientation (Fig. 2D and figs. S8 and S9). 
This result means that the film of Trip-C12 
is domain-boundary-free at the centimeter 
length scale. 

Although such a uniform assembly occurred 
only occasionally in a square-centimeter size 
regime, square-millimeter-sized films devoid 
of domain boundaries could be readily obtained 
by the slow cooling (<0.5°C/min) of Trip-C12 
from its isotropic hot melt. We could not de- 
tect the occurrence of nucleation and growth 
by optical microscopy throughout the cooling 
process from the isotropic liquid (215°C) to 
solid (25°C). Instead, the system completely 
preserved a homogeneous appearance. Further- 
more, Trip-C12 hardly showed supercooling 
behavior (fig. SIA), which is generally asso- 
ciated with phase transitions between crystal 
and isotropic liquid. These observations are in 
sharp contrast to the case of usual crystalliza- 
tion in organic compounds. We presume that 
the uniform assembly of Trip-C12 is not formed 
via direct growth from a locally occurring nu- 
cleus but rather via the fusion of dynamic do- 
mains, wherein triptycene molecules, capable 


Fig. 2. Structural characterization of bulk and 
film samples of Trip-C12. (A) 1D XRD pattern (scat- 
tering vector q = O to 40 nm”) and schematic 
presentation of the structural elements (inset) of a 
bulk sample of Trip-C12 at 30°C upon cooling from 
its isotropic hot melt in a glass capillary (1.5 mm in 
diameter). a.u., arbitrary units. (B) Photograph of 
a macroscopic Trip-C12 film sandwiched by sap- 
phire substrates. Scale bar, 1.0 cm. The partial 
cloudiness of the film is caused by light scattering 
due to the surface roughness. (C) Schematic rep- 
resentation of the experimental setup for the 
through-view XRD measurement. (D) Through-view 
XRD image of the macroscopic Trip-C12 film. Val- 
ues in parentheses indicate Miller indices. 
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of nested packing, fluctuate concertedly in such 
a way as to correct lattice mismatches. The 
dynamic behavior of the Trip-C12 assembly 
is confirmed by the time-dependent 2D XRD 
images for a bulk sample, monitored at a tem- 
perature just below the isotropic liquid-to-crystal 
transition (fig. S11 and movie S1). 

Spin-coating of a diluted toluene solution of 
Trip-C12 on a silicon wafer produced a large- 
area monolayer film (fig. S12, A and B). Atomic 
force microscopy (AFM) of a spin-coated film 
shows that Trip-C12 molecules were aligned 
vertical to the substrate surface with partial tilt- 
ing (fig. $12, C to F), but AFM did not resolve 
the location of the triptycene moiety. To ad- 
dress this concern, we used a monolayer film 
of Trip-C12-F (Fig. 1E and fig. S13) with di- 
agnostic CF; groups at the termini of the side 
chains and used time-of-flight low-energy atom 
scattering (TOFLAS) spectroscopy (fig. S14) to 
characterize the elemental composition of the 
topmost layer. The CF; groups are exclusively 
located at the outermost surface of the mono- 
layer Trip-C12-F film, whereas the carbon- 
rich triptycene array was in contact with the 
substrate surface (fig. S14A). Judging from the 
order of the surface free energies (fluoroalkyl > 
alkyl > aryl groups) (23), Trip-C12 most likely 
assembles on the substrate in a manner similar 
to Trip-C12-F (fig. S12C). Considering that the 
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formation of conventional self-assembled mono- 
layers requires polar functional groups that can 
bind to solid substrates (24), the assembling be- 
havior of the fully paraffinic triptycenes, result- 
ing in a uniform monolayer, is noteworthy. 

The tripodal paraffinic triptycenes (Fig. 1E) 
could be vacuum-evaporated onto various sub- 
strates to give high-quality, uniform thin films 
to cover an area as large as a 2-inch (5-cm) sil- 
icon wafer (fig. S15). Even in assembly from the 
vapor phase, the triptycenes exerted their par- 
ticular 2D structuring capability. Analysis by 2D 
grazing-incidence XRD (GI-XRD) (20) showed 
that evaporated films obtained from the present 
series of triptycenes had a completely oriented 
2D + 1D structure. Typically, the GI-XRD image 
of a 50-nm-thick evaporated film of Trip-C12 
(Fig. 3, A and C) on a silicon wafer displays in- 
tense spots in the meridional direction with 
d-spacings of 2.21, 1.10, and 0.73 nm arising 
from the primary (001), secondary (002), and 
tertiary (003) diffraction planes, respectively, 
indicating that a 1D lamellar structure is formed 
vertical to the substrate. In the equatorial di- 
rection, there are two spots with d-spacings of 
0.72 and 0.41 nm arising from the diffraction 
of the (100) and (110) planes of a 2D hexag- 
onal lattice, respectively. Accordingly, the 2D 
triptycene arrays developed parallel to the sub- 
strate. When the evaporated film was thermally 
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annealed (120°C for 1 hour), all of the dif- 
fraction peaks sharpened (Fig. 3B), and the 
lamellar layer spacing increased from 2.21 to 
2.33 nm. Most likely, the paraffinic side chains 
of Trip-C12 elongated upon thermal anneal- 
ing to enhance the overall molecular order. 
AFM shows that the film surface after annealing 
becomes flat (fig. S16), and the observed height 
difference falls within 4.4 nm, corresponding 
to two molecular layers. 

We evaluated the domain size by through- 
view XRD analysis of a 50-nm-thick evaporated 
film fabricated on a sapphire substrate (2.0 cm 
in diameter) (Fig. 3D). As shown in Fig. 3E, 
the diffraction from the (100), (110), and (200) 
planes of a hexagonal lattice was observed as 
short arcs, indicating that the 2D triptycene 


~__Iriptycene Film 
*~~Silicon Substrate 


arrays in the film align to some extent within an 
area greater than the x-ray beam size (350 um 
by 150 um). This result is in contrast to the case 
with the aforementioned sandwich film (Fig. 
2B), which displayed hexagonally arranged dif- 
fraction spots (Fig. 2D). Nevertheless, when 
through-view XRD images (Fig. 3, E to H) were 
taken at different points of the film at least 1 cm 
apart, hexagonally arranged diffraction arcs 
appeared at identical positions. This trend was 
clearer in the angular dependence of the corre- 
sponding 1D XRD profiles (Fig. 3, I and J). Thus, 
the evaporated film was devoid of detectable 
domain boundaries, at least in the centimeter 
size regime, although the orientational order 
among the 2D triptycene arrays within the 1D 
lamellar structure should not be perfect. 


: Measured Points 


By virtue of the complete molecular orienta- 
tion (Fig. 4A), the evaporated film of Trip-C12 
exhibited a very large optical anisotropy. Thus, 
electronic absorption spectra of the 50-nm- 
thick evaporated film of Trip-C12 on a quartz 
substrate show the largest absorbance (Amax = 
229 nm) when the angle 0 of incident ultra- 
violet (UV) light is perpendicular to the film 
(Fig. 4). The absorbance dramatically decreased 
when 0 becomes shallower (90° — 15°). These 
observations are consistent with a theoretical pre- 
diction (20) in which the transition dipole moment 
of a model compound (1,8,13-trimeoxytriptycene) 
of Trip-C12 faces in a direction virtually per- 
pendicular to its longer molecular axis (fig. S17). 
Complete molecular orientation can be achieved 
regardless of the type of substrates. The GI-XRD 
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Fig. 3. Structural characterization of the evaporated films of Trip-C12. 
2D GI-XRD images of a 50-nm-thick evaporated film of Trip-C12 on a silicon 
wafer before (A) and after (B) thermal annealing at 120°C for 1 hour. Values 
in parentheses indicate Miller indices. (C) Schematic representations of the 
experimental setup for GI-XRD and the assembly structure of a Trip-C12 
film on a substrate. (D) Photograph of a 50-nm-thick evaporated film of 
Trip-C12 on a sapphire substrate. Black, blue, green, and red circles indicate 
the measured points in the through-view XRD analysis. Scale bar, 1.0 cm. 
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(E to H) Through-view XRD images of the Trip-C12 film measured at the 
black (E), blue (F), green (G), and red (H) circles in (D). The images were 
corrected by subtracting the background diffractions from the sapphire 
substrate. Values in parentheses indicate Miller indices. 1D XRD profile (I) 
and angular dependency (J) of the peak intensity of the diffraction from the 
(110) plane converted from the through-view XRD images. The black, blue, 
green, and red profiles were obtained from the data of (E), (F), (G), and (H), 
respectively. The 8 value corresponds to the value denoted in (E). 
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Fig. 4. Anisotropic absorption properties of the evapo- 
rated film of Trip-C12. (A) Schematic illustration of the 
experimental setup for the electronic absorption spectros- 
copy of a Trip-C12 film on a quartz substrate. The angle of 
incident unpolarized UV light is represented by 0. Substrate 
and beam sizes are 20.0 mm by 20.0 mm by 1.0 mm and 
3.0 mm by 11.0 mm, respectively. (B) Electronic absorption 
spectra of the 50-nm-thick evaporated film of Trip-C12 on a 
quartz substrate, measured upon exposure to unpolarized 
UV light with various incident angles (@ = 90° 75°, 60° 45° 
30°, and 15°). The spectra were corrected for both the irra- 
diated area and the contribution of the absorption of the 
substrate. (C) Incident angle dependence of the absorb- 
ance at 229 nm of the evaporated film of Trip-C12. 


images observed for evaporated films of Trip- 
C12 (50 nm in thickness)—fabricated on poly- 
imide, polyethylene terephthalate, quartz, and 
mica—are essentially identical to one anoth- 
er (fig. S18) and also to those observed for the 
evaporated film on a silicon wafer (Fig. 3, A 
and B). 

Analogous to Trip-C12, Trip-C18 and Trip- 
C12’ (Fig. 1E) afford completely oriented films 
upon vacuum evaporation. Based on GI-XRD anal- 
ysis, the lattice parameter (a = 0.82 nm) of the 
hexagonal triptycene array for the Trip-C18 film 
is virtually identical to that for Trip-C12 (a = 
0.81 nm), whereas the layer spacing is increased 
(2.96 nm) because of the longer paraffinic side 
chains (fig. S19) (25). Meanwhile, the 2D hexag- 
onal lattice parameters for the Trip-C12' and 
Trip-C12 assemblies are identical to one another 
(fig. S20), though the 1D layer spacing for Trip- 
C12’ (1.93 nm) is shorter than that for Trip-C12 
(2.33 nm). The evaporated film of Trip-C12’ 
shows no detectable change in its GI-XRD profile 
before and after thermal annealing, indicating 
that Trip-C12’, with only two dodecyl groups, 
can achieve a thermodynamically stable pack- 
ing structure through simple evaporation (fig. 
$20). The triptycene films display excellent ther- 
mal stability. For example, an evaporated film 
of Trip-C12 shows no detectable change in the 
GI-XRD profiles before and after heating at 
200°C for 1 hour. The nested packing is suf- 
ficiently thermally robust to preserve the 2D 
hexagonal triptycene array up to a temperature 
close to the melting point of the constituent mol- 
ecule (210°C). 
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A Completely Oriented 
2D Triptycene Array 


UV Light 
(Unpolarized) 


Without dedicated anchoring to solid substrates, 
appropriately designed triptycene molecules can 
form completely oriented films regardless of the 
type of substrates. The tripodal triptycenes may 
serve as useful scaffolds for integrating functional 
molecular units and, in turn, for the development 
of high-performance thin-film materials. 
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NITROGEN CYCLING 


Rapid nitrous oxide cycling in the 


suboxic ocean 


Andrew R. Babbin,”’?* Daniele Bianchi,*? Amal Jayakumar,' Bess B. Ward’ 


Nitrous oxide (N20) is a powerful greenhouse gas and a major cause of stratospheric 
ozone depletion, yet its sources and sinks remain poorly quantified in the oceans. We 
used isotope tracers to directly measure N2O reduction rates in the eastern tropical 
North Pacific. Because of incomplete denitrification, N20 cycling rates are an order of 
magnitude higher than predicted by current models in suboxic regions, and the spatial 
distribution suggests strong dependence on both organic carbon and dissolved oxygen 
concentrations. Furthermore, N20 turnover is 20 times higher than the net atmospheric 
efflux. The rapid rate of this cycling coupled to an expected expansion of suboxic ocean 
waters implies future increases in N20 emissions. 


nthropogenically derived atmospheric N.O 

concentrations increased over the past cen- 

tury (-3), but the natural marine sources 

and sinks of N.O have been difficult to 

quantify. Because of the paucity of direct 
measurements of NO production and consump- 
tion in the ocean, current rate estimates and pre- 
dictions of how the NO budget will respond to a 
changing climate remain uncertain (4). The most 
concentrated oceanic sources of N.O to the atmo- 
sphere are the suboxic (0 to 20 jsmol 1’) waters 
overlying the oxygen minimum zones (OMZs), 
based on measurements and models of super- 
saturated N.O concentrations (5, 6). Furthermore, 
N.O is produced by both nitrification and de- 
nitrification, but the overall importance of each 
process is uncertain. Nitrification, the oxidation 
of ammonium to nitrite and further to nitrate, 
exhibits maximum rates just below the well-lit 
surface layer, where remineralization rates sup- 
plying ammonium are highest. Nitrification gen- 
erates an N.O by-product (7) whose yield is 
enhanced by suboxic concentrations—the yield 
of N,O, as a fraction of nitrite production, can be 
as high as 10% in culture (8, 9) and 0.4% in the 
environment (JO, 17). However, at very low (less 
than a few micromolar) oxygen concentrations, 
nitrification ceases (72), and no N.O can be pro- 
duced via this pathway. 

Denitrification, the stepwise reductions of ni- 
trate and nitrite through NO and N,0 to nitro- 
gen gas, occurs in the ocean only when molecular 
oxygen is sufficiently low (less than 3 umol 1”’) 
(13). This anaerobic process results in local N,O 
minima within the OMZ core but has the poten- 
tial to be a major N,O source at the suboxic-anoxic 
interface (the oxycline) at the top of the OMZ. 
Over this narrow depth interval, N,O consump- 
tion by the nitrous oxide reductase enzyme is 
inhibited by O, at an extent greater than its 
production in the denitrification sequence (14). 
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Further, because the denitrification steps are pre- 
dominantly heterotrophic, the rates are enhanced 
at shallow depths, where the supply of newly 
produced labile organic matter from the surface 
(13) is greater. Incomplete denitrification (reduc- 
tion of NO; to N,O rather than to N.) may ac- 
count for a flux that is ignored or not explicitly 
represented in most biogeochemical ocean and 
climate models. Indeed, in culture experiments 
(14, 15) and sediment incubations (76) at suboxic 
but nonzero O, concentrations, denitrification ac- 
tivity decreased as expected with increasing O, 
concentrations, but the N.O yield (i.e., the propor- 
tion of denitrification halting at NO) increased 
to ~50% (15). 

We directly measured the reduction of N,O to 
dinitrogen gas by using labeled isotopic (°N),O 
tracer incubation experiments at three stations 
in the eastern tropical North Pacific (ETNP), the 
largest suboxic zone (17) and a major site of NO 
production (18, 19). N2O reduction is the only 
major biological N,O consumption process; be- 
cause production occurs via multiple pathways, 
in situ production rates via isotopic tracer tech- 
niques cannot be directly constrained (20). 

The transect across the ETNP (fig. S1) showed 
the characteristic features associated with OMZs, 
namely a NO concentration peak (~100 nmol 1“) 
at the base of a steep oxygen gradient and an 
N.O concentration minimum in the core of the 
OMZ. All three sites displayed similar alignments 
of oxygen, N.O, and nitrite maxima and minima 
(Fig. 1A), indicating similar mechanisms affecting 
the biogeochemistry across the region. The sim- 
ilarity between the N,O profile at the offshore 
station 2 and data from a nearby site measured 
12 years prior (19) (Fig. 1B) indicates long-term 
stability in the shape and peak magnitudes of the 
N.O profiles. 

N.O consumption rates (Fig. 2) measured across 
all three profiles were up to 35 nmol I day, in- 
dicating residence times as low as 1 day (calculated 
from the concentration divided by the biological 
rate). This fast turnover was observed through- 
out the OMZ core, presumably because of tight 
coupling of sequential denitrification steps. With- 
in the oxycline, the N.O residence times increased 


and the reduction rates decreased sharply as 
Oz increased. This synchronism is consistent with 
oxygen poisoning of the nitrous oxide reductase 
enzyme above the OMZ. Moreover, and of greater 
consequence to atmospheric N,O emissions, an 
estimate of the rate of production based on a 
one-dimensional (1D) transport-reaction balance 
(fig. S3) was systematically larger than that of 
consumption near the base of the oxycline. This 
1D estimate is likely to be conservative, because 
the inclusion of horizontal transport terms, which 
act to erode the N,O peak, would require an in- 
crease in the N,O source to maintain the balance 
(table S2 and supplementary text). The observed 
near-shore (station 1) rates of N.O reduction and 
production decreased with depth (Fig. 2), re- 
sembling the depth-dependent power law decay 
of organic carbon supply (73). This organic car- 
bon dependence of N.O cycling was also apparent 
from the occurrence of the highest rates near 
shore, where the greatest primary production oc- 
curs. These measurements highlight the large 
spatial heterogeneity of N.O cycling dependent 
on organic carbon export in the ETNP. 

We investigated the broader implications of 
such rapid N,O cycling with a mechanistic, 1D 
model of OMZ biogeochemistry (supplementary 
materials) built on parameterizations widely 
adopted in ocean biogeochemical models, includ- 
ing biological N.O production via nitrification, 
enhanced at suboxic concentrations (4, 6, 21, 22), 
and consumption via denitrification (19). Follow- 
ing previous parameterizations (27), we defined 
an oxygen threshold of 2 umol 1”, above which 
N.O was produced and below which, consumed. 
However, this 1D model with NO production from 
nitrification alone generated a production rate 
(maximum of 0.3 nmol I! day”) that was a frac- 
tion of the net production rate calculated from the 
measured consumption (Fig. 3A). The observed 
N.O concentration peaks measured here at 
>100 nmol I (Fig. 1) are likely not reproduced in 
models (27), including our 1D version (which only 
achieves a maximum of 70 nmol 1”), because they 
do not include explicit production by incomplete 
denitrification. The importance of denitrification 
to NO production has been implicated by mea- 
surements across all three major OMZs: the ETNP 
(18, 23), the eastern tropical South Pacific (ETSP) 
(24), and the Arabian Sea (20, 25). 

We expanded the 1D model to separate the 
N,.O production and consumption terms of de- 
nitrification and allow for O.-dependent decou- 
pling (26). With this change, denitrification 
became a major N,O source in the low-O, waters 
directly overlying the OMZ (9.3 umol m~ day~}) 
and was comparable in size to the source from 
nitrification (9.1 umol m” day”). Furthermore, 
the maximum modeled net N.O production rate 
of 0.6 nmol 1’ day” is consistent with our ob- 
servations (Fig. 3B), with a peak concentration of 
>110 nmol 17’. Such agreement could not be 
achieved with production via nitrification alone 
and suggests that denitrification constitutes a 
major and largely overlooked source of N,O. This 
conclusion also holds for a range of model pa- 
rameters and formulations, including a simple 
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Fig. 1. Biogeochemical measurements. (A) Depth pro- A Op (umol i) B 
files of N2O (open circles), Oz (solid gray line), and NO.” 0 100 200 0 100 200 0 100 200 
(dashed line) concentrations at the three stations in- 0 0 © O @D0 j : 
cluded in this study. (B) Comparison of N2O concentration SO ae ie) 
data (open circles) from station 2 collected in April 2012 50 
with those from a previous study (19) (solid circles) of a 
nearby location (16°N 107°W) in spring 2000. 1001, 
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average from offshore measurements at the base . 
of the oxycline indicated a net production rate on 50 | | 
order of ~1 nmol I” day. Based on the measured 
rates and the observed extent of the suboxic layer 400 | Le | 
at the base of the oxycline of the three profiles, ean a q 
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anoxic layer. A 1 nmol I! day imbalance integrated e 
over 10 m equates to an air-sea N2O flux of 10 umol a 
m~” day}, which is comparable (30 to 100%) to the 200 | | 
fluxes estimated in the analogous suboxic ETSP 
(24). Our model including a denitrification NO 250 , | Lei | 
source produced a similar atmospheric efflux of 
13 umol m™~ day“, As an order-of-magnitude esti- Sta. 3 Sta. 2 Sta. 1 
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tally over the extent of the suboxic ETNP (25.7 x 
10” + 1.5 x 10” m?) yields a net atmospheric N.O 
flux out of the ETNP OMZ of 13 + 0.1 Tg of N year”. 
Furthermore, if we conservatively estimate the 
average reduction rate based on our measurements 
within the ETNP OMZ (2 nmol I day”) and in- 
tegrate over the full volume of the anoxic ETNP 
OMZ (1.2 x 10% + 0.5 x 10" m), the total cycling 
rate through N.O is 25 + 10 Tg of N year”, or 20 
times higher than the net efflux. This gross rate 
of N.O generation is comparable to previous es- 
timates of denitrification rates from the ETNP 
(27-30). Because the net outgassing of N,O to the 
atmosphere results from the residual between 
large production and reduction rates, it could 
change greatly in response to even a small de- 
coupling of production and consumption, caused, 
for example, by more frequent O, injections (32) 
or changes in the volume and geometry of sub- 
oxic zones (32, 33). 
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Fig. 2. N2O cycling rates. Rates of measured N20 consumption (solid squares) and calculated production 


(open diamonds) are shown at the three stations. Tu 


rnover times are indicated by open circles. Scaled (O 


to 100% saturation) O2 concentration profiles (solid gray line) are included for reference (see Fig. 1 for 
concentrations). Note the broken vertical axis between 250 and 500 m. N20 production was calculated by 


using the measured consumption rates and conc 


entration profiles and assuming a vertical balance 


between advection, diffusion, consumption, and production. Lateral transport processes, which would tend 


to erode the N20 peak and thus require more prod 
rates likely lower estimates (Supplementary text). 


Our results show that the net accumulation 
of NO in the OMZs on the multiyear time 
scales dictated by ocean circulation hides the 
delicate balance between production and con- 
sumption that proceeds on time scales at least 
one order of magnitude faster. Over long time 
scales into the future, expanding and shoaling 
OMZs resulting from changes in physical cir- 


uction, were ignored here, making these production 


culation, widespread ocean deoxygenation (34), 
and increased fertilizer runoff stimulating phy- 
toplankton blooms could exacerbate marine 
N,O accumulation and outgassing (4, 37). This 
increase would be especially important given 
the rapid biological rates measured in the ETNP. 
The rapid turnover of N2O in OMZs also implies 
that shorter time scale variations influence N,O 
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Fig. 3. One-dimensional model of N20 cycling in the OMZ. (A) Modeled 
N2zO and Os concentrations using a mechanistic 1D model of OMZ bio- 
geochemistry, with rates of production from nitrification (green) and con- 
sumption from denitrification (red). The net rate is given by the dashed black 
curve. (B) As in (A) but with an additional N20 source from denitrification 
included. The third graph separates the different production and consumption 
terms. Points show measurements at stations 2 and 3. Model and data profiles 


flux, as reported for the Arabian Sea’s annual 
monsoons (35). El Nifio-Southern Oscillation 
strongly affects the mixed layer and thermocline 
depths and surface productivity in the eastern 
tropical Pacific. Via this natural variability, the 
OMZs of the ETNP and the ETSP should ex- 
pand and shoal during a La Nifia and contract 
during an El Nifio (36). 

Current estimates of the marine N,O sources 
to the atmosphere that do not mechanistically 
account for incomplete denitrification, including 
the Intergovernmental Panel on Climate Change 
(IPCC) estimate of ~4 Tg of N year, are low 
considering the overall denitrification rates to Ny 
in the OMZs (33, 35, 37). If we assume that the 
three major OMZs are approximately equivalent, 
the N.O production rates predicted here would 
account for 4 Tg of N year’ from the OMZs 
alone. This is a conservative analysis, limited to 
the offshore sites and ignoring the coastal region 
with higher rates and imbalances (Fig. 2). Inclu- 
sion of coastal sites could substantially increase 
this estimate. Further, models parameterizing 
N.O production via only nitrification require tun- 
ing by some additional suboxic process to produce 
N,O in the OMZs and better simulate concentra- 
tion distributions (4, 22, 38). The directly mea- 
sured rates and simple model presented in this 
paper show that these tunings do not capture the 
dynamics necessary to represent accurately ma- 
rine N.O cycling. 
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Exposure to ideologically diverse 
news and opinion on Facebook 


Eytan Bakshy,’*+ Solomon Messing,'| Lada A. Adamic”” 


Exposure to news, opinion, and civic information increasingly occurs through social media. 
How do these online networks influence exposure to perspectives that cut across ideological 
lines? Using deidentified data, we examined how 10.1 million U.S. Facebook users interact with 
socially shared news. We directly measured ideological homophily in friend networks and 
examined the extent to which heterogeneous friends could potentially expose individuals to 
cross-cutting content. We then quantified the extent to which individuals encounter 
comparatively more or less diverse content while interacting via Facebook's algorithmically 
ranked News Feed and further studied users’ choices to click through to ideologically discordant 
content. Compared with algorithmic ranking, individuals’ choices played a stronger role in 


limiting exposure to cross-cutting content. 


xposure to news and civic information is 
increasingly mediated through online social 
networks and personalization (7). Informa- 
tion abundance provides individuals with 
an unprecedented number of options, shift- 
ing the function of curating content from news- 
room editorial boards to individuals, their social 
networks, and manual or algorithmic information 
sorting (2-4). Although these technologies have 
the potential to expose individuals to more di- 
verse viewpoints (4, 5), they also have the po- 
tential to limit exposure to attitude-challenging 
information (2, 3, 6), which is associated with the 
adoption of more extreme attitudes over time (7) 
and misperception of facts about current events 
(8). This changing environment has led to specu- 
lation around the creation of “echo chambers” 
(in which individuals are exposed only to infor- 
mation from like-minded individuals) and “filter 
bubbles” (in which content is selected by algo- 
rithms according to a viewer’s previous behav- 
iors), which are devoid of attitude-challenging 
content (3, 9). Empirical attempts to examine 
these questions have been limited by difficul- 
ties in measuring news stories’ ideological lean- 
ings (10) and measuring exposure—relying on 
either error-laden, retrospective self-reports or 
behavioral data with limited generalizability— 
and have yielded mixed results (4, 9, 11-15). 
We used a large, comprehensive data set from 
Facebook that allows us to (i) compare the ideo- 
logical diversity of the broad set of news and 
opinion shared on Facebook with that shared 
by individuals’ friend networks, (ii) compare this 
with the subset of stories that appear in indi- 
viduals’ algorithmically ranked News Feeds, and 
(iii) observe what information individuals choose 
to consume, given exposure on News Feed. We 
constructed a deidentified data set that in- 
cludes 10.1 million active U.S. users who self- 
report their ideological affiliation and 7 million 
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distinct Web links (URLs) shared by U.S. users 
over a 6-month period between 7 July 2014 and 
7 January 2015. We classified stories as either 
“hard” (such as national news, politics, or world 
affairs) or “soft” content (such as sports, enter- 
tainment, or travel) by training a support vector 
machine on unigram, bigram, and trigram text 
features (details are available in the supplemen- 
tary materials, section S1.4.1). Approximately 
13% of these URLs were classified as hard con- 
tent. We further limited the set of hard news 
URLs to the 226,000 distinct hard-content URLs 
shared by at least 20 users who volunteered their 
ideological affiliation in their profile, so that 
we could accurately measure ideological align- 
ment. This data set included ~3.8 billion po- 
tential exposures (cases in which an individual’s 
friend shared hard content, regardless of whether 
it appeared in her News Feed), 903 million ex- 
posures (cases in which a link to the content 
appears on screen in an individual’s News Feed), 
and 59 million clicks, among users in our study. 

We then obtained a measure of content align- 
ment (A) for each hard story by averaging the 
ideological affiliation of each user who shared 
the article. Alignment is not a measure of me- 
dia slant; rather, it captures differences in the 


kind of content shared among a set of partisans, 
which can include topic matter, framing, and 
slant. These scores, averaged over websites, 
capture key differences in well-known ideolog- 
ically aligned media sources: FoxNews.com is 
aligned with conservatives (A, = +.80), whereas 
the HuffingtonPost.com is aligned with liberals 
(A, = -0.65) (additional detail and validation are 
provided in the supplementary materials, sec- 
tion S1.4.2). We observed substantial polariza- 
tion among hard content shared by users, with 
the most frequently shared links clearly aligned 
with largely liberal or conservative populations 
(Fig. 1). 

The flow of information on Facebook is struc- 
tured by how individuals are connected in the 
network. The interpersonal networks on Face- 
book are different from the segregated structure 
of political blogs (6); although there is clustering 
according to political affiliation on Facebook, 
there are also many friendships that cut across 
ideological affiliations. Among friendships with 
individuals who report their ideological affilia- 
tion in their profile, the median proportion of 
friendships that liberals maintain with conserva- 
tives is 0.20, interquartile range (IQR) [0.09, 
0.36]. Similarly, the median proportion of friend- 
ships that conservatives maintain with liberals is 
0.18, IQR [0.09, 0.30] (Fig. 2). 

How much cross-cutting content individuals 
encounter depends on who their friends are and 
what information those friends share. If individ- 
uals acquired information from random others, 
~45% of the hard content that liberals would be 
exposed to would be cross-cutting, compared with 
40% for conservatives (Fig. 3B). Of course, individ- 
uals do not encounter information at random in 
offline environments (74) nor on the Internet (9). 
Despite the slightly higher volume of conserv- 
atively aligned articles shared (Fig. 1), liberals 
tend to be connected to fewer friends who share 
information from the other side, compared with 
their conservative counterparts: Of the hard news 
stories shared by liberals’ friends, 24% are cross- 
cutting, compared with 35% for conservatives 
(Fig. 3B). 

The media that individuals consume on Face- 
book depends not only on what their friends 
share but also on how the News Feed ranking 


Fig. 1. Distribution of ideolo- 


gical alignment of content 
shared on Facebook mea- 
sured as the average affilia- 
tion of sharers weighted by 
the total number of shares. 
Content was delineated as 
liberal, conservative, or neutral 
on the basis of the distribution 
of alignment scores (details 
are available in the supple- 
mentary materials). 
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algorithm sorts these articles and what indi- 
viduals choose to read (Fig. 3A). The order in 
which users see stories in the News Feed de- 
pends on many factors, including how often 
the viewer visits Facebook, how much they in- 
teract with certain friends, and how often users 
have clicked on links to certain websites in 
News Feed in the past. We found that after 
ranking, there is on average slightly less cross- 


cutting content: The risk ratio comparing the 
probability of seeing cross-cutting content rel- 
ative to ideologically consistent content is 5% for 
conservatives and 8% for liberals (supplemen- 
tary materials, section S1.7). 

Individual choice futher limits exposure to 
ideologically cross-cutting content. After adjust- 
ing for the effect of position [the click rate on a 
link is negatively correlated with its position in 
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the News Feed (fig. S5)], we estimated the risk 
ratio comparing the likelihood that an individ- 
ual clicks on a cross-cutting content relative to 
a consistent content to be 17% for conservatives 
and 6% for liberals, a pattern that is consistent 
with prior research (4, 17). Despite these tend- 
encies, there is substantial room for individuals 
to consume more media from the other side; on 
average, viewers clicked on 7% of hard content 
available in their feeds. 

Our analysis has limitations. Although the vast 
majority of U.S. social media users are on Face- 
book (78), our study is limited to active users who 
volunteer an ideological affiliation on this so- 
cial media platform. Facebook’s users tend to be 
younger, more educated, and more often female 
as compared with the U.S. population as a whole 
(18). Other forms of social media, such as blogs 
or Twitter, have been shown to exhibit different 
patterns of homophily among politically inter- 
ested users, largely because ties tend primarily to 
form based on common topical interests and/ 
or specific content (J6, 19), whereas Facebook 
ties primarily reflect many different offline so- 
cial contexts: school, family, social activities, and 
work, which have been found to be fertile ground 
for fostering cross-cutting social ties (20). In ad- 
dition, our distinction between exposure and 
consumption is imperfect; individuals may read 
the summaries of articles that appear in the News 
Feed and therefore be exposed to some of the 
articles’ content without clicking through. 

This work informs long-standing questions 
about how media exposure is shaped by our so- 
cial networks. Although partisans tend to main- 
tain relationships with like-minded contacts 
[which is consistent with (2D], on average more 
than 20% of an individual’s Facebook friends 
who report an ideological affiliation are from the 
opposing party, leaving substantial room for ex- 
posure to opposing viewpoints (22, 23). Further- 
more, in contrast to concerns that people might 
“listen and speak only to the like-minded” while 
online (6), we found exposure to cross-cutting 
content (Fig. 3B) along a hypothesized route: 
traditional media shared in social media (4, 24). 
Perhaps unsurprisingly, we show that the com- 
position of our friend networks is the most impor- 
tant factor limiting the mix of content encountered 
in social media. The way that sharing occurs 
within these networks is not symmetric: Lib- 
erals tend to be connected to fewer friends who 
share conservative content than are conserva- 
tives (who tend to be linked to more friends who 
share liberal content). 

Within the population under study here, indi- 
vidual choices (2, 13, 15, 17) more than algorithms 
(3, 9) limit exposure to attitude-challenging con- 
tent in the context of Facebook. Despite the 
differences in what individuals consume across 
ideological lines, our work suggests that individ- 
uals are exposed to more cross-cutting discourse 
in social media than they would be under the 
digital reality envisioned by some (2, 6). Rather 
than people browsing only ideologically aligned 
news sources or opting out of hard news alto- 
gether, our work shows that social media expose 
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individuals to at least some ideologically cross- 
cutting viewpoints (4). Of course, we do not 
pass judgment on the normative value of cross- 
cutting exposure. Although normative scholars 
often argue that exposure to a diverse “market- 
place of ideas” is key to a healthy democracy 
(25), a number of studies have found that expo- 
sure to cross-cutting viewpoints is associated with 
lower levels of political participation (22, 26, 27). 
Regardless, our work suggests that the power 
to expose oneself to perspectives from the other 
side in social media lies first and foremost with 
individuals. 
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ECOPHYSIOLOGY 


Climate change tightens a metabolic 
constraint on marine habitats 


Curtis Deutsch,’* Aaron Ferrel,”+ Brad Seibel,® Hans-Otto Pértner,* Raymond B. Huey” 


Warming of the oceans and consequent loss of dissolved oxygen (O2) will alter marine 
ecosystems, but a mechanistic framework to predict the impact of multiple stressors on 
viable habitat is lacking. Here, we integrate physiological, climatic, and biogeographic data 
to calibrate and then map a key metabolic index—the ratio of Oz supply to resting 
metabolic O2 demand—across geographic ranges of several marine ectotherms. These 
species differ in thermal and hypoxic tolerances, but their contemporary distributions are 
all bounded at the equatorward edge by a minimum metabolic index of ~2 to 5, indicative of 
a critical energetic requirement for organismal activity. The combined effects of warming 
and Oz loss this century are projected to reduce the upper ocean’s metabolic index by 
~20% globally and by ~50% in northern high-latitude regions, forcing poleward and 
vertical contraction of metabolically viable habitats and species ranges. 


limate change is altering ecosystems by 
shifting distributions, phenologies, and in- 
teractions among species, but understand- 
ing how these changes are caused by climatic 
influences on physiology and fitness re- 
mains a challenge (/). In the ocean, increased 
metabolic rates due to rising temperatures will be 
accompanied by declines in dissolved Os, poten- 
tially restricting organismal aerobic capacities 
(2-4). The physiology of hypoxic and thermal tol- 
erance of marine species is well understood (3, 5-7). 
Lacking, however, is a general mechanistic model 
that quantifies how O, and temperature jointly 
restrict large-scale biogeographic distributions 
now and in the future. Here, we combine labora- 
tory and field data to demonstrate that temper- 
ature and O, together limit the contemporary 
ranges of marine ectotherms and to derive em- 
Ppirically based estimates of habitat loss in the 
warmer and less oxygenated oceans projected 
by this century’s end. 
For marine habitats to be metabolically viable, 
the environmental O, supply rate (S) must ex- 
ceed an animal’s resting metabolic demand (D). 
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The rate of O, supply increases with ambient O, 
pressure (PO.) and with respiratory efficacy (8). 
Thus, S = osB>PO>, where respiratory efficacy is 
the product of as, a per-mass rate of gas transfer 
between water and animal and its scaling with 
body mass, B°. Resting metabolic demand also 
scales with B and with absolute temperature (7), 
according to D = opB*exp(—E,/kgT), where ap 
is a taxon-specific baseline metabolic rate, ¢ is its 
allometric scaling, E, is its temperature depen- 
dence, and &z is Boltzmann’s constant (9). 

We define a metabolic index, denoted ®, as 
the ratio of O2 supply to an organism’s resting 
O, demand 
PO, 


exp(-E,/kpT) 


where A, = a,/dq is the ratio of rate coefficients 
for O, supply and metabolic rate, and 7 is the dif- 
ference between the respective allometric scalings 
(n = & — €). If ® falls below a critical threshold 
value of 1, organisms must either suppress aerobic 
activity (5) or initiate anaerobic metabolism, con- 
ditions that are physiologically unsustainable. Con- 
versely, values above 1 enable organismal metabolic 
rates to increase by a factor of ® above resting 
levels, permitting critical activities such as feeding, 
defense, growth, and reproduction. Thus, for a 
given environment, ® estimates the ratio of maxi- 
mum sustainable metabolic rate to the minimum 
rate necessary for maintenance for a given species. 

We analyzed data from published studies in 
which hypoxia tolerance was determined at 


© = A,B" (1) 
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multiple temperatures (Fig. 1). Hypoxia toler- 
ance was measured as the Oz level below which 
the resting rate of metabolism cannot be main- 
tained, anaerobic metabolic end products accu- 
mulate, or mortality increases. Such conditions 
correspond to the threshold value of ® = 1, allow- 
ing the parameters in Eq. 1 (n, E,, and A,) to be 
estimated (J0). These parameters vary among 
species (table S1) due to differences in resting meta- 
bolic rates and oxygen uptake capacity (11-14). 
Within species, body mass weakly affected critical 
POs, PO," (n = -0.3 to 0) (fig. S1), suggesting that 
size-associated increases in O, uptake capacity 
(6) largely compensate for increases in metabolic 
rate with size (€) (15, 16). Temperature on average 
accounted for 87% of the intraspecies variation 
in PO.“ (table SI), with slopes (E,) for most of 
the species between 0.36 to 1.06 eV, similar to 
estimates for diverse physiological rates (17). 

To evaluate whether the metabolic index limits 
the geographic range of species, we compared 
the spatial distributions of the index in the ocean 
with distributions of several marine species. Phys- 
iological and biogeographic data were available 
for four Atlantic species that live in diverse hab- 
itats (cod in open waters, rock crab in benthic 
zones, seabream in subtropics, eelpout in sub- 
polar oceans) and differ widely in thermal and 
hypoxic tolerance (table S2). Using climatological 
temperature and O, data (10), we computed the 
seasonally varying three-dimensional distribu- 
tions of the metabolic index. The global patterns 
of ® are nearly identical among species because 
the patterns derive from environmental gradients 
of temperature and POs. Species differences in Ay 
scale the absolute values of ® but not its spatial 
pattern, and variations in E, only weakly alter the 
relative influence of temperature and O, gradients. 
The geographical distribution of ® is also insen- 
sitive to whether O, uptake depends on the con- 
centration, partial pressure, or diffusivity of O» in 
seawater (JO, 18) (fig. S2). Thus, when mapped 
relative to an arbitrary reference location, the 
spatial distribution and temporal variations in ® 
are qualitatively independent of species. 

For all studied species, the metabolic index 
in the upper ocean varies by more than 10-fold 
across latitude (Fig. 2A, values normalized to 
the tropical average), reflecting low subsurface 
PO, and high metabolic rates in tropical waters 
(ow ®) but generally high PO, and low meta- 
bolic rates in cooler, higher-latitude waters (high 
®). In contrast, vertical variation in ® (Fig. 2B) is 
relatively small, because both temperature and O, 
decrease with depth and their individual effects 
on metabolic index are partly offsetting. In strong 
oxygen minimum zones (OMZs), however, O» de- 
clines more rapidly with depth than does metab- 
olism, such that ® decreases sharply with depth. 
Seasonal variability of ® is generally small, except 
near OMZs, and in marginal seas and western 
boundary currents (fig. $3). Because the largest 
variations in ® occur across latitude, we focus on 
whether latitudinal ranges of species are limited 
by the metabolic index. 

From maps of the geographic distribution and 
metabolic index for the four focal species, we iden- 
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tified the occupied site where ® was lowest: This 
was invariably at the southern (equatorward) 
range limit (Fig. 3). Across all species, seasons, 
and body masses, the minimum ® varied only 
between 2 and 5 (table S3). Thus, marine envi- 
ronments appear viable only if they support 
metabolic rates at least 2 to 5 times resting rates. 
This critical metabolic index (®,,;) reflects not 
only the minimal physiological requirements for 
survival (© > 1) but also additional energy re- 
quired for key ecological activities (=®,,;,). In- 
terestingly, sustained field metabolic rates of 


diverse terrestrial species are typically 1.5 to 5 
times resting rates (19). This factorial increase is 
similar to values of ®,,;, of marine ectotherms, 
which suggests that it represents a fundamental 
metabolic requirement both on land and in the 
ocean but restricts the equatorial range limit only 
in the ocean. 

Populations that migrate seasonally provide 
further support that the metabolic index restricts 
viable habitats. Western and eastern Atlantic cod 
share a common ®,,;, at their southern range 
border. Western cod migrate along the North 
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Fig. 3. Distribution of the metabolic index (®) B é 
in the Atlantic Ocean for all four species in Fig. Seamer 
1 with documented marine population distribu- 50 < ] 3 
Seasonal ——> 


Annual 
populations 


tions. (A) Atlantic cod, (B) Atlantic rock crab, (C) 
sharpsnout seabream, and (D) common eelpout. 
For each species, ® is averaged over its observed 
depth range (cod, 0 to 400 m; eelpout, 0 to 40 m; 
seabream, 0 to 60 m) except for rock crab, where 
values have been averaged over longitude in bot- 
tom grid cells along the North American margin. 
The minimum value found within the species dis- 
tribution (®,g it) is contoured (black lines; values in 
table S3). For rock crabs, the contour of ® includes 
both monthly maximum (winter) and minimum 
(summer) values above 100 m; below 100 mm, it is 
cumulatively averaged downward along the slope C 

at each latitude, to approximate the effect of sea- 

sonal movement of these crabs up and down the 
continental shelf. Occurrence data for each species 48°N 
are plotted (blue dots, interpolated to climate grid) 
for all species except crabs, whose latitudinal range 
of seasonal and year-round (annual) habitat in 
shelf and slope waters is indicated by gray arrows 
(see the supplementary materials). 24°N 
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Fig. 4. Change in metabolic index and associated habitat com- 
pression from 1971-2000 to 2071-2100. (A) Global fractional 
change in ® averaged over the upper 200 m, as projected by multiple 
Earth system model simulations under an 8.5 W/m? greenhouse gas 
emissions scenario (Representative Concentration Pathway 8.5), aver- 
aged across species. White areas indicate an increase in metabolic 
index, in all cases attributable to an increase in subsurface Oz. The 
individual contributions of changes in temperature and Oz are shown 
in fig. S6. (B to E) Projected loss of metabolic habitat (denoted AH) 
for species with calibrated metabolic index values. Metabolic habitat 
is defined as any grid cell with ® > ®,,i, on a monthly basis. For cod 
(B), seabream (D), and eelpout (E), habitat changes are mapped as 
the percentage of change in annual mean thickness of the habitable 
water column between 1971-2000 and 2071-2100. For Atlantic rock 
crab (C), the background color map shows relative changes in ® (%), 
and contours indicate the migration of ®.,it. For all species, the rel- 
ative change is an average over all months, so that the loss of habitat 
includes both vertical compression and a shortening of the habitable 
season. 
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American coast between 37°N in winter and 41°N 
in summer, paralleling seasonal shifts of ®git 
(fig. S4A). Eastern cod migrate vertically, moving 
from cool temperatures in surface waters in 
winter to deeper waters in summer, in parallel 
with Oi (fig. S4B). Seasonal migrations of 
benthic Atlantic rock crab also coincide with 
variations in ®,,;, in bottom waters (Fig. 3B). 
On the continental shelf, the latitudinal limits 
of seasonal crab populations in the mid-Atlantic 
Bight and of year-round populations north of 
40°N are both delineated by a common ®,,;t. 
Deeper waters of the continental slope (100 to 
400 m) have a metabolic index above ®,,;, thus 
providing refugia for populations migrating from 
shallower shelf environments during summer (JO). 

Projected climate changes by this century’s 
end (2071 to 2100) will affect the distribution 
of the metabolic index and thus of marine ani- 
mals (Fig. 4). Climate models predict substantial 
warming and deoxygenation throughout most of 
the upper ocean (fig. S5 and table S4) (J0). This 
implies global reductions in the metabolic index 
(Fig. 4A) throughout the upper water column 
(0 to 400 m), with a model-average decline of 
21% (intermodel range 17 to 25%). Only ~1/3 of 
this reduction is attributable to O, loss, indicat- 
ing that future marine hypoxia will be driven 
primarily by rising temperature, not by declining 
O, (3). The decline in ®, and the relative con- 
tribution of temperature versus Og, vary geo- 
graphically (fig. S6). In mid-latitude Northern 
Hemisphere oceans—where fisheries are often 
highly productive—the metabolic index, and thus 
habitat suitability, should decline dramatically 
(~50%). The Pacific is prone to some of the largest 
reductions in ®, driven by its larger projected 
fractional decrease in O, (figs. S5 and S6). 

The focal species studied here illustrate how 
projected warming plus O, loss should shift meta- 
bolically viable habitats by century's end (Fig. 4, 
B to E). Habitable zones will often be vertically 
compressed and habitable seasons shortened 
throughout geographic ranges, but overall habi- 
tat losses are projected to be greatest near the 
equatorward edge of ranges, where ® is low. 
For example, in the western subtropical Atlantic, 
where a wide swath of benthic habitat of rock 
crab is already close to ®,,;, a 30% reduction in 
® would force a poleward retreat of slope pop- 
ulations from ~25°N to ~35°N. For other focal 
species, the average cumulative loss of habitat, 
measured as the reduction in currently occupied 
water volume with ® > ®,,, ranges from 14 to 
26% (table S5) (intermodel range 9 to 42%). 
These losses in aerobic habitat may be partially 
offset by habitat expansions where species ranges 
are now limited by cold tolerance. 

Our results suggest that climate constraints 
on aerobic energy provision are the primary fac- 
tors governing the equatorward range limit for 
diverse marine ectotherms. Thus, the metabolic 
index provides a simple but powerful metric link- 
ing physiology and biogeography with current 
and future environmental conditions. Even so, 
climate-forced ecosystem shifts will be complex, 
because changes in the metabolic index may be 
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exacerbated by declines in net primary produc- 
tivity (20), ocean acidification, and pollution (J), 
or ameliorated by acclimation and genetic adap- 
tation (27). Biotic interactions will be altered 
because currently interacting species—if they 
have different metabolic sensitivities—will show 
noncoincident range contractions. Polar species 
may face increased competition caused by the 
invasion by lower-latitude species. Shallow-water 
predators may benefit from upwelling migrations 
of deeper water prey (22), and prey may benefit if 
their predators move away (23). Thus, climate 
shifts in the metabolic index may alter species 
ecologies even where metabolic indices exceed 
critical limits. Predictions of differential responses 
of ecologically interacting species to future shifts 
in metabolic indices will require more studies of 
temperature-dependent hypoxic tolerances, espe- 
cially those of interacting and potentially interact- 
ing species. 
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CORAL REEFS 


Limited scope for latitudinal 
extension of reef corals 


Paul R. Muir,’* Carden C. Wallace,’ Terence Done,” J. David Aguirre®* 


An analysis of present-day global depth distributions of reef-building corals and underlying 
environmental drivers contradicts a commonly held belief that ocean warming will 
promote tropical coral expansion into temperate latitudes. Using a global data set of a 
major group of reef corals, we found that corals were confined to shallower depths at 
higher latitudes (up to 0.6 meters of predicted shallowing per additional degree of 
latitude). Latitudinal attenuation of the most important driver of this phenomenon—the 
dose of photosynthetically available radiation over winter—would severely constrain 
latitudinal coral range extension in response to ocean warming. Latitudinal gradients in 
species richness for the group also suggest that higher winter irradiance at depth in low 
latitudes allowed a deep-water fauna that was not viable at higher latitudes. 


he growth of phototrophic corals, those 
that rely on energy from endosymbiotic 
algae or “zooxanthellae,” is determined by 
three primary latitude-correlated environ- 
mental factors (solar radiation, temperature, 


aragonite saturation) and by a number of factors 
not related to latitude (e.g., nature and depth of 
the substratum, wave climate, salinity, water qual- 
ity, siltation regime) (/, 2). Among the primary 
drivers of coral growth, only one—the amount of 
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Fig. 1. Sampling sites used in the study. The global database 
(16) comprises 14,235 records of latitude, longitude, and depth of 
104 staghorn coral specimens collected at 1397 sites. For inclusion 
at a site, a species is recorded only if at least one specimen was 


collected for taxonomic verification. 


solar radiation that penetrates into the ocean and 
fuels photosynthesis—is unlikely to change sub- 
stantially with climate change. Solar radiation at 
the sea surface diminishes with increasing lati- 
tude as winter day length and solar elevation 
decrease (3); solar radiation further attenuates 
through the water column, thereby limiting the 
depth at which phototrophic corals can survive 
(4, 5). 

These findings have led to the hypothesis that 
phototrophic corals should be restricted to shal- 
lower depths at higher latitudes (2, 6, 7). Here, 
we tested this hypothesis using an extensive 
specimen-based global data set of the depth and 
latitudinal distributions of 104 species of reef 
corals of the genera Acropora and Isopora (the 
“staghorn” corals; Fig. 1). High diversity of growth 
forms in these genera provides by far the greatest 
variety among corals of microhabitats for fishes (8) 
and invertebrates (9). However, staghorn cor- 
als, which make up a large proportion of coral 
species richness and cover of the world’s richest 
coral reefs (2, 10), are under threat (71), partic- 
ularly from increasing sea surface temperatures, 
which cause corals to bleach, succumb to disease, 
and die en masse (12). Nonetheless, there is con- 
temporary (13, 14) and fossil (15) evidence for 
poleward range expansions of staghorn corals 
associated with increasing sea temperatures. We 
show here that local daily winter insolation will 
ultimately limit any such poleward expansion 
made possible by contemporary ocean warm- 
ing, and hence will limit the expansion of asso- 
ciated biota. 

In the global data set (Fig. 2), the maximum 
depth limit (0.975 quantile) of staghorn corals 
was deepest (26 m) at the equator (5°S to 5°N) 
and shallowest at their latitudinal extremes 
(11 m = 30°N; 9 m = 30°S). A polynomial quan- 
tile regression mixed model (16) revealed a strong 
latitudinal gradient in depth limits, both for 
all species combined and for latitudinally wide- 
spread species only (Fig. 2 and table S1). This 
suggests that the latitudinal gradient in maxi- 
mum depth was driven not by changes in spe- 
cies composition but by an environmental driver 
that affects all species. Using species distribu- 
tion models (MaxEnt), we showed (16) that 
temperature, aragonite saturation, and salinity in 
well-mixed reef waters were relatively poor pre- 


Museum of Tropical Queensland, Townsville, Queensland 4810, 
Australia. “Australian Institute of Marine Science, PMB #3, 
Townsville MC, Queensland 4810, Australia. “Institute of Natural 
and Mathematical Sciences, Massey University, Albany, New 
Zealand. “School of Biological Sciences, University of 
Queensland, Brisbane, Queensland 4072, Australia. 
*Corresponding author. E-mail: paul.muir@qm.qld.gov.au 


1136 = 5 JUNE 2015 + VOL 348 ISSUE 6239 


Fig. 2. Latitudinal gradient 

in the maximum depth lim- 

its of staghorn corals. 

Polynomial quantile (0) 
regression mixed model 

(0.975 quantile) is indicated 

by solid line, with 95% 10 
confidence intervals shaded. 
Accurate depth data were 
available for 104 species and 
14,235 specimens. Analysis 
of latitudinally widespread 
species only (22 species) 
produced an almost 
identical model, indicating 
that the latitudinal gradient 
was not driven by changes 
in species composition 50 
(tables Sl and S5). 
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dictors of the maximum depth of occurrence 
of staghorn corals: None of these three factors 
was limiting at any depth at the poleward 
limit of staghorn coral distribution (Fig. 3, A to 
C, and table S3). In contrast, photosynthetically 
available radiation (PAR; wavelengths 400 to 
700 nm), modeled for clear reef waters (16) and 
specifically winter PAR (17, 18), was a strong 
predictor of the limits to depth across the lat- 
itudinal distribution (Fig. 3 and table S4). Daily 
PAR decreases gradually with latitude (3), and 
the greatest differential between low and high 
latitudes occurs during winter. Declines in win- 
ter irradiance are further amplified underwater 
by additional surface reflection and long sub- 
surface path length, both associated with low 
winter Sun angles. Our modeling (16) showed 
that during local midwinter (17) at latitude 0° 
daily PAR at 20 m depth is 43% of surface PAR, 
whereas at 34°N it is only 35%. We found that 
winter PAR constrains the depth of occurrence 
of staghorn corals, accounting for the latitudinal 
gradient in depth distribution, and that it could 
in principle exclude staghorn corals from shal- 
low substrata otherwise deemed suitable for cor- 
als on the basis of temperature and aragonite 
saturation alone (19). 

The geographic or depth limit beyond which 
coral growth is vigorous enough for reef build- 
ing or growth of carbonate platforms, termed 
the “Darwin point,” has been shown to be de- 


Latitude 


20°S 10°S 0° 10°N 20°N_ 30°N 


termined by aragonite saturation, temperature, 
and light (1, 4, 6, 19-21). Modeling indicates 
that reef building mainly occurs for aragonite 
saturation greater than 3.4, annual minimum 
temperature greater than 18°C, and on sub- 
strata where PAR is greater than 250 uE m~ s"! 
(equivalent to 7 to 8 mol photons m~ day”), 
(6, 19-21). However, reef corals commonly oc- 
cupy non-reef habitats such as rocky shores or 
shallow embayments well beyond the latitu- 
dinal limits of reef building (2, 70); the deter- 
minants of their distributional limits have not 
been quantified, although it is commonly held 
that they are constrained latitudinally mainly 
by temperature [reviewed in (2)] and vertically 
mainly by light (3, 4, 20). We found that winter 
PAR of 5.2 mol photons m~ day’ is a strong 
predictor of the depth and latitudinal limits of 
distribution of staghorn corals (16), which have 
a high dependence on a steady supply of photo- 
synthate produced by their zooxanthellae (22). 
We posit that the 5.2 mol photons m~” day? 
isolume represents a key threshold for coral 
physiology below which their zooxanthellae’s 
photosynthetic production does not meet their 
basal metabolic needs. In this respect, stag- 
horn corals are like some marine plants, whose 
limits of depth and latitude are also deter- 
mined by daily hours of irradiance above a 
threshold basal compensation point (20), and 
they are unlike other growth forms of corals 
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that can substantially supplement winter nu- 
tritional shortfalls through stored energy re- 
serves and/or heterotrophy (22). We showed 
that there is a factor of 4 variation in winter 
PAR requirement among the 104 staghorn coral 
species reported on here (16), likely reflecting 
species-specific adaptations, including a num- 
ber of attributes associated with reduced light 
at depth: flattened branch morphologies to max- 
imize interception of light (2, 10), changes in the 
density and type of zooxanthellae (23), and 
some capacity for heterotrophic nutrition (24). 
However, their efficacy as specific adapta- 
tions to seasonally low light at high latitudes 
has not been reported. 
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The depth-limiting effects of winter PAR also 
appear to contribute to a strong latitudinal 
gradient in species richness in staghorn corals 
(Fig. 4A). This pattern is consistent with reef 
corals overall (2, 25) and many other marine 
and terrestrial taxa (26-28). Categorizing spe- 
cies by their maximum depth limits, we found 
that the richness gradient was largely driven by 
a deep-water fauna restricted to low latitudes 
(Fig. 4A). By contrast, mid-water species richness 
remained relatively constant to mid-latitudes, 
whereas shallow water species richness was re- 
tained until latitudes 27° to 28° We contend 
that the low-latitude combination of high winter 
irradiance and suitable substrata at depth 


Fig. 3. Analysis of environmental predictors of 
maximum depth limits. (A to C) Mean annual 
temperature (A), salinity (B), and aragonite sat- 
uration (C). (D to F) Mean daily dose of photosyn- 
thetically available radiation (PAR) over an entire 
year (D), winter (17) (E), and summer (16, 17) (F). 
Solid line in each panel indicates maximum staghorn 
coral depth limits (0.975 quantile regression), with 
95% confidence interval shaded. PTG (proportion of 
total gain) values represent the proportional contri- 
bution of each factor, in isolation, to the predictive 
power of the full species distribution model; that is, 
PTG = [gain (single predictor)]/[gain (full model)]. 
The strongest predictor of the depth and latitudi- 
nal distribution of staghorn corals was winter PAR 
(PTG = 0.99). A threshold of 5.2 mol photons m~? 
day” best accounted for the predicted maximum 
depth limits (16). 


constitutes a niche for staghorn corals that 
does not exist at higher latitudes. This niche is 
occupied by a central Indonesia-west Pacific 
fauna typically with fragile and laterally flattened 
skeletal morphology that limits its members to 
deep, calm waters well below the influence of 
waves and swell (29); suitable substrata in 
deep calm waters at higher latitudes receive 
insufficient winter irradiance to support this 
fauna. This mechanism, and the emergent lati- 
tudinal patterns of richness of staghorn corals, 
are aspects of the topography-environment re- 
lationships that are not addressed in bio- 
geophysical models of reefs and carbonate 
platforms (1, 19, 20). Moreover, although factors 
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Fig. 4. Latitudinal trends in staghorn coral species richness. (A) 
Categorization of species according to their maximum depth limits (0.975 
quantile) (16) (table S5). The deep-water species account for much of the 
latitudinal gradient in species richness. Species richness was calculated 
for 1° latitude bins. (B) Example of a deep-water species (Acropora 
pichoni) restricted to low-latitude habitats. (©) A widely distributed 


shallow-water species (A. gemmifera). 


such as habitat availability, evolutionary history, 
vicariance events, and sea surface temperature 
undoubtedly contribute to patterns of species 
richness in reef corals overall (2, 25, 28-30), this 
study makes a compelling case for the overriding 
importance of light in controlling the poleward 
attenuation of species richness in a major coral 
group. 

Recent observations of poleward range ex- 
tensions in corals suggest there is potential for 
corals to colonize higher latitudes as sea sur- 
face temperatures increase (13-15, 31). However, 
to meet their current winter light require- 
ments, staghorn corals would need to decrease 
their maximum depth by a predicted (16) 0.6 m 
for each degree of latitude that their range 
extended beyond their present northern and 
southern limits. Species currently at their pole- 
ward limits of distribution, their depth range 
already restricted (Fig. 2), have little scope for 
further shallowing, or consequently, latitudi- 
nal extension. For tropical shallow and mid- 
water fauna (Fig. 4), contraction into shallower 
depths would bring into play potentially range- 
limiting parameters of shallow microenviron- 
ments such as damage from waves and swells, 
extremes of temperature and salinity, compe- 
tition with shallow corals and macroalgae (2), 
and ultimately, subaerial exposure at low tide 
(7). Deep-water species currently restricted to 
depth at low latitudes (Fig. 4) are also unlikely 
to colonize shallow waters for the same reasons 
and would therefore remain latitudinally con- 
strained by winter PAR requirements. In ad- 
dition, constraints on staghorn coral depth 
distribution and potential for latitudinal ex- 
tension may be exacerbated by factors that in- 
crease the attenuation of light in the water 
column and thus reduce winter PAR, such as 
increased phytoplankton and sediment asso- 
ciated with agricultural runoff, urban develop- 
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ment, and dredging (32, 33). Until now, two 
climate-sensitive environmental variables, arag- 
onite saturation and temperature, have been 
emphasized as the main contemporary drivers 
of latitudinal limits to the growth of coral reefs 
CZ, 20, 21). Here, we have shown how winter ir- 
radiance regime—a climatic constant—may be 
the ultimate limiter of any potential latitudi- 
nal extension of the range of staghorn corals 
made possible by anthropogenic warming of 
temperate seas. 
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group living 
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The evolution of eusociality is one of the major transitions in evolution, but the underlying 
genomic changes are unknown. We compared the genomes of 10 bee species that vary in 
social complexity, representing multiple independent transitions in social evolution, and 
report three major findings. First, many important genes show evidence of neutral 
evolution as a consequence of relaxed selection with increasing social complexity. Second, 
there is no single road map to eusociality; independent evolutionary transitions in sociality 
have independent genetic underpinnings. Third, though clearly independent in detail, these 
transitions do have similar general features, including an increase in constrained protein 
evolution accompanied by increases in the potential for gene regulation and decreases in 
diversity and abundance of transposable elements. Eusociality may arise through different 
mechanisms each time, but would likely always involve an increase in the complexity of 


gene networks. 


he evolution of eusociality involves changes 

in the unit of natural selection, from the 

individual to a group (J). Bees evolved 

eusociality multiple times and are ex- 

tremely socially diverse (2) (Fig. 1), but all 
pollinate angiosperms, including many crops 
essential to the human diet (3). Simple euso- 
ciality may be facultative or obligate, and both 
forms are characterized by small colonies with 
a reproductive queen and one or more workers 
that, due to social and nutritional cues, forego 
reproduction to cooperatively care for their 
siblings (2). Further evolutionary elaborations 
have led to complex eusociality, “superorgan- 
isms” with colonies of several thousand individ- 
uals, sophisticated modes of communication, 
and morphological specializations for division 
of labor (4). 

Theory predicts that the evolution of simple 
eusociality involves increased regulatory flex- 
ibility of ancestral gene networks to create 
specialized reproductive and nonreproductive 
individuals, and the evolution of complex eu- 
sociality requires genetic novelty to coordinate 
emergent properties of group dynamics (5). To 
test these predictions, we analyzed five de novo 
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and five publicly available draft genome se- 
quences of 10 bee species from three families, 
representing two independent origins of euso- 
ciality in Apidae and Halictidae and two inde- 
pendent elaborations of simple to complex 
eusociality in two apid tribes [Apini (honeybees) 
and Meliponini (stingless bees); Fig. 1]. The draft 
genomes were of comparable, high quality (sup- 
plementary materials). 

We found that the transition from solitary to 
group life is associated with an increased capac- 
ity for gene regulation. We scanned the promo- 
ter regions of 5865 single-copy orthologs among 
the 10 species to calculate a motif score [rep- 
resenting the number and binding strength of 
experimentally characterized transcription factor 
binding sites (TFBSs)] for 188 Drosophila mela- 
nogaster TFs (6) with at least one ortholog in 
each of the 10 bees, and correlated motif score 
with social complexity, using phylogenetically in- 
dependent contrasts (7). Of 2101 significantly cor- 
related motif-gene pairs, 89% were positive and 
11% negative, showing that TFs tend to have 
increased capacity to regulate genes in eusocial 
species of bees, relative to solitary species (Fig. 2A, 
supplementary materials). 


Further evidence for increased capacity for 
gene regulation throughout social evolution is a 
positive ranked correlation between social com- 
plexity and the number of genes predicted to be 
methylated (7) (Spearman’s rho = 0.76, P = 0.01; 
phylogenetically corrected Spearman’s rho = 0.64, 
P = 0.06; Fig. 2B; bioinformatics predictions val- 
idated with bisulfite sequencing data for three 
invertebrate species; supplementary materials). 
DNA methylation affects gene expression in a va- 
riety of ways (8). Thus, this result suggests an ex- 
pansion in regulatory capacity with increasingly 
sophisticated sociality. 

The potential for increased regulatory capacity 
was further revealed at the protein-coding level. 
Increased social complexity also is associated with 
rapid evolution of genes involved in coordinating 
gene regulation. A Bayesian phylogenetic co- 
variance analysis (9) of 5865 single-copy orthologs 
identified 162 genes with accelerated evolution 
in species with increased social complexity (7) 
(additional data table $3). These rapidly evolv- 
ing genes were significantly enriched (P < 0.05) 
for Gene Ontology (GO) terms related to regu- 
lation of transcription, RNA splicing, ribosomal 
structure, and regulation of translation (sup- 
plementary text and tables S11 and S12). Sim- 
ilar results have been reported for bee and ant 
species (10-13); our findings reveal the underlying 
causes. Approximately two-thirds of these genes 
are under stronger directional selection in spe- 
cies with increasingly complex eusociality, but 
we also detected nonadaptive evolution. One-third 
of the rapidly evolving genes are under relaxed 
purifying selection in species with complex eu- 
sociality, possibly due to reduced effective popu- 
lation sizes (14). 

We also found an additional 109 genes, signif- 
icantly enriched (P < 0.05) for functions related 
to protein transport and neurogenesis, which 
evolve slower with increased social complexity 
(supplementary text, table S13, and additional 
data table S3). This includes orthologs of derailed 
2 and frizzled, which function as Wnt signaling 
receptors in Drosophila synaptogenesis (15), and 
rigor mortis, a nuclear receptor involved in hor- 
mone signaling (J6). A similar pattern of reduced 
evolutionary rate has been described for genes 
expressed in human and honey bee brains, po- 
tentially due to increasing pleiotropic constraint 
in complex gene networks (17, 18). Constrained pro- 
tein evolution of neural and endocrine-related 
genes seems at odds with the evolution of com- 
plexity, but this constraint appears to be compen- 
sated for, or perhaps driven by, increased capacity 
for gene regulation. 

We next investigated whether these molecular 
evolution patterns involve similar sets of genes 
and cis-regulatory elements among the early (fa- 
cultative and obligate simple eusociality) and ad- 
vanced (complex eusociality) stages of independent 
social transitions. We identified lineage-specific 
differences in coding sequences and promoter re- 
gions of 1526 “social genes” for which evolutionary 
rate (dN/dS) is faster or slower with increased 
social complexity in two independent origins and 
two independent elaborations of eusociality (7) 
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(Fig. 1). Among these lineage-specific social genes, 
we found common patterns of cis-regulatory evo- 
lution: gains of TFBSs in the promoters of genes 
that evolve slower with increasing social complex- 
ity (Fig. 2C and supplementary text). This sug- 
gests that a shared feature of both independent 
origins and elaborations of eusociality is increas- 
ingly constrained protein evolution with increas- 
ing potential for novel gene expression patterns. 
The TFs responsible for this pattern were dif- 
ferent for each social transition, even though our 
analysis was limited to highly conserved TFs 
(Table 1). Several function in neurogenesis or 
neural plasticity, or are prominent regulators of 
endocrine-mediated brain gene expression in 
honeybees (19, 20). 

We found further lineage-specific differences 
among the rapidly evolving “social genes” them- 
selves. Genes undergoing accelerated evolution 
at the origins of eusociality were significantly en- 
riched for GO terms related to signal transduc- 
tion in both Apidae and Halictidae, but they shared 
only six genes (6 out of 354 and 167 genes, re- 
spectively; hypergeometric test, P = 0.82; Fig. 2D 
and additional data tables S5 and S6). Rapid 
evolution of signal transduction pathways may 
be a necessary step in all origins of eusociality to 
mediate intracellular responses to novel social 
and environmental stimuli (70), but selection ap- 
pears to have targeted different parts of these 
pathways in each independent transition. Caste- 
specific expression and other analyses of these 
genes are needed to determine their function in 
eusociality. 

Genes showing signatures of rapid evolution 
with the elaborations of complex eusociality were 
also highly disparate between honeybees and 
stingless bees, with only 43 shared genes and no 
shared enriched GO terms (43 out of 625 and 
512 genes, respectively; hypergeometric test, P = 
0.70; Fig. 2D and additional data tables S5 and 
86). In addition, only 2 out of 5865 single-copy 


orthologs showed a signature of convergent evo- 
lution by fitting a dendrogram based on social 
complexity significantly better than the ac- 
cepted molecular phylogeny (7) (supplementary 
text and fig. $21). Similarly, families of major 
royal jelly protein genes, sex-determining genes, 
odorant receptors, and genes involved in lipid 
metabolism expanded in some, but not all, 
lineages of complex eusocial bees (7) (Table 2 


divergence 
time (mya) 


100 80 60 40 20 


and supplementary text). These results suggest 
that gene family expansion is associated with 
complex eusociality as predicted (5), but in- 
volves different genes in each case. Despite 
striking convergence of social traits among the 
superorganisms (4), the final stages of trans- 
formation to this level of biological organiza- 
tion do not necessarily involve common molecular 
pathways. 
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Fig. 1. Phylogeny and divergence times (28) of bees selected for genome analysis. We analyzed 
two independent origins of simple eusociality from a solitary ancestor, one each in Apidae (white 
circle 1) and Halictidae (white circle 2), and two independent elaborations of complex eusociality in 
honeybees (gray circle 1) and stingless bees (gray circle 2). Most bees mate once, but honeybees 
mate with multiple males. All bees eat pollen and nectar from flowering plants. Species names are 
colored according to degree of social complexity: blue: ancestrally solitary; green: facultative simple 
eusociality; orange: obligate simple eusociality; red: obligate complex eusociality. The social biology 
of E. mexicana is unknown, but is representative of the facultative simple eusocial life history (29). 
Numbers in each box are approximate colony size on a log scale. MRCA, most recent common 


ancestor; mya, millions of years ago. 
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Fig. 2. Genomic signatures of evolutionary transitions from solitary to 
group life. (A) Increasing social complexity is associated with increasing 
presence of cis-regulatory TFBSs in promoter regions. Each bar represents a 
TFBS for which presence correlates significantly with social complexity (blue: 
positive; red: negative). (B) Relationship between predicted number of methylated 
genes and social complexity before and after (inset) phylogenetic correction (See 
text for statistics). (C) TFBS motifs showing a relationship between social 
complexity and evolutionary rate of coding and noncoding sequences in different 
lineages. Bar length indicates the number of significant correlations (blue: pos- 
itive; red: negative) between each motif score and social complexity (from Table 1) 
among genes evolving faster (Solid) or slower (hatched) in lineages with different 
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levels of social complexity [from (D)]. Background shading follows circle shading 
in Fig. 1. (D) Number of genes for which evolutionary rate is faster or slower in 
lineages with higher compared to lower social complexity. Pie charts represent the 
proportion of genes evolving slower (light green) or faster (dark orange) with 
increased social complexity. Venn diagram shading follows circle shading in Fig. 1. 
(E) Complex eusocial species have a reduced proportion of repetitive DNA com- 
pared to other bees (see text for statistics). LTR, long terminal repeat; LINE, long 
interspersed element; SINE, short interspersed element; DNA, DNA transposon; 
LARD, large retrotransposon derivative; TRIM, terminal repeat retrotransposon in 
miniature; MITE, miniature inverted-repeat transposable element; TES, transpos- 
able elements. 
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The major transitions in evolution involve a 
reduction in conflict as the level of natural se- 
lection rises from the individual to the group (J). 
Extending this to intragenomic conflict may 
explain our finding of decreased diversity and 
abundance of transposable elements (TEs) with 
increasing social complexity (7) (regression after 
phylogenetic correction, F = 8.99, adjusted R? = 
0.47, P = 0.017; Fig. 2E, figs. S42 to S44, and sup- 
plementary text). This may be a consequence of 
increased recombination rates among highly 
eusocial insects (21, 22) or because key features of 


complex eusociality lead to decreased exposure 
to parasites and pathogens that horizontally trans- 
mit TEs (4, 23). Eusociality in bees may thus pro- 
vide natural immunity against certain types of 
intragenomic conflict. 

Our results and those in (10-13) support the 
prediction that changes in gene regulation are 
key features of evolutionary transitions in bio- 
logical organization (5). Our results further re- 
veal the convergent adaptive and nonadaptive 
evolutionary processes common to both the 
early and advanced stages of multiple inde- 


Table 1. Transcription factors (TFs) and corresponding motifs associated with origins and elabora- 
tions of eusociality in bees. [Motif names: Fly Factor Survey (6); supplementary text.] 


Motif 


Solitary to simple eusociality—Apidae 


lolaLPQ_SOLEXA 


D. melanogaster TFs 


Lola 


Hypergeometric 
test P-value 


0.0047 


Solitary to simple eusociality—Halictidae 


br_PL_SOLEXA_5 


Br 


0.0016 


Simple eusociality to complex eusociality—honeybees 


h_SOLEXA_5 


dpn,h 


0.0027 


Simple eusociality to complex eusociality—stingless bees 


Side_SOLEXA_5 


usp_SOLEXA 
CrebA_SOLEXA 
CG5180_SOLEXA 
tai_Met_SOLEXA_5 
ttk_PA_SOLEXA_5 
gsb_SOLEXA 
tai_SOLEXA_5 


E_spl, HLHm3, HLHm5, 
HLHm7, HLHmbeta, 


HLHmdelta, HLHmgamma, Side 


EcR,svp,usp 
CrebA 
CG5180 
Mio_bigmax,tai_Met 
Ttk 
gsb,Poxn,prd 
Tai 


0.0008 
0.0013 
0.0040 
0.0044 
0.0045 
0.0078 
0.0083 
0.0100 


Table 2. Relative size of select gene families as related to social complexity in bees. 


Family 


Major royal jelly 
Sex determination 
pathway genes 
Odorant receptors 


Lipid metabolism genes 


Biogenic amines receptors, 
neuropeptides, GPCRs* 
Insulin-signaling and 
ecdysone pathway genes 


Immunity 


Cytochrome P450 
monooxygenase genes 


Function 


Differences among bees 
Brood feeding 


Sex-specific development 


Olfaction 


Metabolic processing of 
lipids 
Similarities across bees 
Neural plasticity 


Insect development, caste 
determination in 
honeybees, behavioral 
plasticity as adults 
Infectious disease 
protection 
Detoxification 


*GPCRs, G protein-coupled receptors. 
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Eusocial bees compared 
to solitary bees 


Expanded only in Apis 
Expanded in some 
eusocial lineages 

Expanded in complex 
eusocial lineages 

Expanded in complex 
eusocial lineages 


Similar 


Similar 


Similar 


Similar 


pendent transitions from solitary to group living. 
It is now clear that there are lineage-specific 
genetic changes associated with independent 
origins of eusociality in bees, and independent 
elaborations of eusociality in both bees and 
ants. This includes different sets of genes show- 
ing caste-biased expression across species (24-26) 
and, as we have shown, evolutionary modifica- 
tions of TEs, gene methylation, and cis-regulatory 
patterns associated with the suite of life-history 
traits that define eusociality. This suggests that if 
it were possible to “replay life’s tape” (27), eu- 
sociality may arise through different mecha- 
nisms each time, but would likely always involve 
an increase in the complexity of gene networks. 
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HUMAN OOCYTES 


Error-prone chromosome-mediated 
spindle assembly favors chromosome 
segregation defects in human oocytes 


Zuzana Holubcova,’ Martyn Blayney,” Kay Elder,” Melina Schuh’* 


Aneuploidy in human eggs is the leading cause of pregnancy loss and several genetic 
disorders such as Down syndrome. Most aneuploidy results from chromosome segregation 
errors during the meiotic divisions of an oocyte, the egg’s progenitor cell. The basis for 
particularly error-prone chromosome segregation in human oocytes is not known. We 
analyzed meiosis in more than 100 live human oocytes and identified an error-prone 
chromosome-mediated spindle assembly mechanism as a major contributor to chromosome 
segregation defects. Human oocytes assembled a meiotic spindle independently of either 
centrosomes or other microtubule organizing centers. Instead, spindle assembly was mediated 
by chromosomes and the small guanosine triphosphatase Ran in a process requiring ~16 hours. 
This unusually long spindle assembly period was marked by intrinsic spindle instability and 
abnormal kinetochore-microtubule attachments, which favor chromosome segregation errors 
and provide a possible explanation for high rates of aneuploidy in human eggs. 


eiosis in human oocytes is more prone 

to chromosome segregation errors than 

mitosis (7, 2), meiosis during spermato- 

genesis (3, 4), and female meiosis in 

other organisms (3, 5). Despite its im- 
portance for fertility and human development, 
meiosis in human eggs has hardly been studied. 
Human oocytes are only available in small num- 
bers, warranting single-cell assays capable of 
extracting maximal information. Although high- 
resolution live-cell microscopy is an ideal method, 
oocyte development in the ovary poses chal- 
lenges to direct imaging. We therefore estab- 
lished an experimental system (6) for ex vivo 
high-resolution fluorescence microscopy of human 
oocytes freshly harvested from women under- 
going gonadotropin-stimulated in vitro fertili- 
zation cycles. To establish the major stages of 
meiosis in this system, we simultaneously moni- 
tored microtubules and chromosomes for ~24 to 
48 hours (Fig. 1 and movie S1). Similar to the 
situation in situ (7), human oocytes matured into 
fertilizable eggs over this time course, as judged 
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by the formation of a polar body. The morpho- 
logically identifiable stages (Fig. 1A) at charac- 
teristic times after nuclear envelope breakdown 
[CNEBD), set to 0 hours] provided a time-resolved 
framework for human oocyte meiosis (Fig. 1B). 
This reference timeline post-NEBD is used through- 
out this paper. 

Before NEBD, chromosomes were highly con- 
densed and clustered around the nucleolus. In- 
stead of rapidly nucleating microtubules upon 
NEBD, human oocytes first formed a chromo- 
some aggregate that was largely devoid of mi- 
crotubules (Fig. 1A; movie S1; and fig. S1, Aand 
B). Microtubules were first observed at ~5 hours, 
when they started to form a small aster within 
the chromosome aggregate. As the microtubule 
aster grew, the chromosomes became individu- 
alized and oriented on the surface of the aster 
with their kinetochores facing inwards. The mi- 
crotubule aster then extended into an early bi- 
polar spindle that carried the chromosomes on 
its surface (Fig. 1A; movie S1; and fig. S1, C to E). 
The chromosomes then entered the spindle but 
remained distributed throughout the entire spin- 
dle volume. Chromosomes first congressed in the 
spindle center at ~13 hours but continued to os- 
cillate around the spindle equator. Stable chro- 
mosome alignment was typically only achieved 


close to anaphase onset (Fig. 1, A and B, and 
movie S1). Unexpectedly, the spindle volume in- 
creased over the entire course of meiosis, up until 
anaphase onset (Fig. 1, C and D). The barrel- 
shaped spindle formed in this process consisted of 
loosely clustered bundles of microtubules and 
lacked astral microtubules (movie S2 and fig. S2). 
At ~17 hours, the oocytes progressed into anaphase 
and eliminated half of the homologous chromo- 
somes in a polar body. Nearly a day after NEBD, 
the oocytes had formed a bipolar metaphase II 
spindle and matured into a fertilizable egg. The 
stages and timing of meiosis were highly repro- 
ducible among oocytes (Fig. 1, A and B) and could 
also be observed in fixed oocytes (fig. S1, A to I). 
Importantly, 79.0% of imaged human oocytes ex- 
truded a polar body. This indicates that the imag- 
ing assays, as well as the methods by which the 
oocytes were obtained and processed, did not have 
a prominent effect on meiotic progression. 

The surprisingly slow and gradual build-up of 
the spindle over 16 hours (Fig. 1, C and D) is in 
stark contrast to mitosis, where spindle assembly 
takes only ~30 min (8), or meiosis in mouse 
oocytes, where it takes 3 to 5 hours (9-12). During 
mitosis, two centrosomes ensure the rapid as- 
sembly of a spindle. In oocytes of many species, 
centrosomes are absent but functionally replaced 
by microtubule organizing centers (MTOCs) that 
lack centrioles (9, 12). Human oocytes also lack 
centrosomes (13-15), but whether acentriolar 
MTOCs participate in spindle assembly is unclear 
(16-19). We consistently detected pericentrin- 
and y-tubulin-positive MTOCs at the spindle 
poles of mitotic cells and metaphase I and II 
(MI and MII) mouse oocytes, but never at MI 
or MII spindles in human oocytes (Fig. 2, A and 
B, and fig. S3). Thus, our data suggest that meiotic 
spindles in human oocytes lack detectable MTOCs. 

In Xenopus egg extracts, chromosomes can 
serve as sites of microtubule nucleation if cen- 
trosomes are absent (20). The human oocytes we 
imaged also initiated microtubule nucleation in the 
region of the chromosome aggregate (78 of 78 live 
human oocytes). High-resolution imaging of fixed 
human oocytes confirmed that microtubules were 
first nucleated on chromosomes, emanating pri- 
marily from kinetochores (Fig. 2C, movie S3, and 
fig. S4). MTOC-nucleated cytoplasmic asters, such 
as those seen in chromosomal proximity upon 
NEBD in mouse oocytes (9), could not be detected. 
Thus, chromosomes, not MTOCs, serve as major 
sites of microtubule nucleation in human oocytes. 


5 JUNE 2015 * VOL 348 ISSUE 6239 1143 


RESEARCH | REPORTS 


Chromatin-mediated spindle assembly is driven 
by the small guanosine triphosphatase Ran. 
Guanosine triphosphate (GTP)-bound Ran is rep- 
lenished around chromosomes by its chromatin- 
bound GTP exchange factor RCC1 and locally 
releases spindle assembly factors from inhibitory 
binding to importins (2/-23). To test whether 
Ran-GTP is required for spindle assembly in 
human oocytes, we blocked its function with the 
guanosine diphosphate-locked mutant Ran T24N, 
which acts as a dominant-negative variant of Ran 
(24, 25). Ran T24N severely delayed the onset of 
microtubule nucleation and impaired spindle 
assembly (Fig. 2, D to F, and movie S4). In mouse 
and Drosophila oocytes, spindles have defects but 
still assemble if Ran is inhibited (9, 26, 27). Thus, 
our data suggest that spindle assembly in human 
oocytes is independent of MTOCs but mediated by 
chromosomes and dependent on Ran-GTP. 

The period between chromosome-mediated 
microtubule nucleation (~5 hours) and establish- 
ment of a bipolar spindle with aligned chromo- 
somes (~16 hours) displayed considerable spindle 


Fig. 1. Stages of meiosis in live human oocytes. 
(A) Stages of meiosis in human oocytes determined 
from live human oocytes expressing enhanced green 
fluorescent protein—microtubule-associated protein 
4 (EGFP-MAP4) (microtubules) and histone 2B-— 
monomeric red fluorescent protein 1 (H2B-mRFP1) 
(chromosomes). A schematic representation of each 
stage (scheme; microtubules in green, chromosomes 
in magenta) and stage-specific time-lapse images (z 
projections, four sections, every 5 um) merged with 
differential interference contrast are shown (bottom 
row). Outlined regions are magnified above (middle 
row). Scale bar, 20 um. Time is displayed in hours: 
minutes. (B) Quantification of timing of meiotic pro- 
gression from live oocytes expressing EGFP-MAP4 
(microtubules) and H2B-mRFP1 (chromosomes), as 
shown in (A). The box plot shows median (horizontal 
lines), mean (small squares), 25th and 75th percent- 
iles (boxes), and 5th and 95th percentiles (whiskers) 
of time after NEBD. The number of oocytes is speci- 
fied in italics. Only oocytes in which the whole matu- 
ration process was recorded (from before NEBD to 
bipolar MIl spindle formation) were included. h, hours. 
(C and D) The spindle volume was quantified in live 
human oocytes expressing EGFP-MAP4 (microtubules), 
as shown in (A). Averaged data from 20 oocytes (C) 
and examples of individual curves up until anaphase 
onset (D) are shown. 
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instability. Although the microtubule aster trans- 
formed into a bipolar spindle at ~7 hours, this 
spindle often failed to maintain bipolarity (Fig. 3A 
and movie S5). In 44% of oocytes, the spindles 
rounded up and became apolar, which we clas- 
sified as moderate spindle instability. In 38% 
of oocytes, the spindles even progressed through 
a prolonged multipolar stage, which we classi- 
fied as severe spindle instability (Fig. 3, A and 
B). Multipolar and apolar spindles were also 
observed in fixed oocytes that had not been im- 
aged (fig. S6). Although spindle instability lasted 
for an average of 7.5 + 3.1 hours (Fig. 3C), the vast 
majority of oocytes progressed into anaphase 
with bipolar spindles and extruded a polar body 
(fig. S5). The apparent instability of the spindle 
in human oocytes is in stark contrast to mitotic 
spindles and meiotic spindles in other species 
such as mouse oocytes, which rarely become un- 
stable upon establishment of a bipolar spindle 
(Fig. 3D). 

Next, we investigated whether spindle instability 
correlates with chromosome segregation errors. 


Normal chromosome segregation is characterized 
by simultaneous separation of all homologous 
chromosomes. Chromosomes that lag behind dur- 
ing anaphase increase the possibility of aneuploidy 
due to inappropriate partitioning of chromosomes 
upon cytokinesis. We thus scored our imaging data 
set for the presence and degree of lagging chromo- 
somes and spindle instability. Oocytes with prom- 
inent chromosome bridges or chromosomes that 
remained in the center of the spindle during ana- 
phase were classified as having persistent lagging 
chromosomes. Oocytes with a few chromosomes 
that segregated more slowly than the rest of the 
chromosomes but did not remain in the center 
of the spindle were classified as having transient- 
ly lagging chromosomes (Fig. 3E). Notably, 72% of 
oocytes with severe spindle instability went on to 
have persistent lagging chromosomes during ana- 
phase (Fig. 3F). In contrast, oocytes with a stable 
spindle were never observed to have persistent lag- 
ging chromosomes. Oocytes with unstable spindles 
were also significantly more likely to have chro- 
mosome alignment defects (fig. S7). 
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The chromosome segregation defects could 
be due to progression into anaphase with ab- 
normal kinetochore-microtubule attachments. 
To test this hypothesis, we fixed oocytes using a 
cold treatment assay that preferentially preserves 
kinetochore-associated microtubules. During early 
spindle assembly, the kinetochores were already 
associated with microtubules, but a prominent 
spindle axis was absent. The kinetochore fibers 
were instead randomly oriented relative to each 
other and only partially focused into several small 
poles distributed throughout the chromosome- 
microtubule assembly. Oocytes fixed close to ana- 
phase onset had formed a bipolar spindle, in which 
most bivalent chromosomes were bioriented 
(Fig. 4A and movie S6). But unexpectedly, only 
~80% of kinetochores were correctly attached to 
microtubules, being linked to a single spindle pole 
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(amphitelic attachment). In contrast, 20% of kineto- 
chores remained attached to both spindle poles 
(merotelic attachment) (Fig. 4, B and C, and fig. 
S8). These data suggest that human oocytes are less 
efficient in correcting kinetochore-microtubule 
attachments than mitotic cells (28) and mouse 
oocytes (29). Our observation that persistent lag- 
ging chromosomes are most likely to occur in 
oocytes with severe spindle instability suggests 
that these oocytes are particularly likely to pro- 
gress into anaphase with abnormal kinetochore- 
microtubule attachments. 

This study allows us to draw several con- 
clusions with implications for the causes of egg 
aneuploidy. The single most notable feature of 
human oocyte meiosis is an unusually dynamic 
and slowly assembling meiotic spindle. This fea- 
ture could be the consequence of absent centro- 


somes or other MTOCs, either of which could 
more rapidly generate a bipolar spindle. Instead, 
chromosomes and Ran-GTP are employed for 
spindle assembly. The spindles assembled by 
this mechanism display a high proportion of ab- 
normal kinetochore-microtubule attachments. 
The spindles are also intrinsically unstable, and 
the degree of spindle instability correlates with the 
degree of chromosome segregation errors. Spin- 
dle instability could hinder the establishment of 
accurate kinetochore-microtubule attachments 
and thereby promote chromosome segregation 
errors. Alternatively, spindle instability may ref- 
lect attempts of the chromosomes to establish 
stable bipolar microtubule attachments, which 
could be more challenging in human oocytes, 
possibly due to structural features of their chro- 
mosomes. Progression into anaphase with these 
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Fig. 2. Chromosomes mediate spindle assembly in 
human oocytes. (A) Immunofluorescence staining of 
pericentrin and chromosomes (Hoechst) in somatic cells, 
as well as mouse and human MI and MIl oocytes. Scale bar, 
10 um. NHDF-Neo, normal human dermal fibroblasts 
derived from neonatal foreskin; HEK293, human embry- 
onic kidney 293 cells. (B) Spindles of somatic cells, as well 
as MI and MIl spindles in mouse and human oocytes [as 
shown in (A)] were scored for the presence of pericentrin- 
positive MTOCs. The number of cells is specified in italics. (C) 
Immunofluorescence staining (z projections of six sections, 
every 0.3 um) of kinetochores (CREST), microtubules 
(a-tubulin), and chromosomes (Hoechst) in human oocytes 
fixed at different times shortly after NEBD. Scale bar, 10 um. 
(D) Live human oocytes expressing H2B-mRFP1 (chromo- 
somes) and EGFP-MAP4 (microtubules) upon microinjection 
with Ran T24N (lower panel) or bovine serum albumin (BSA) 
(top panel) (z projections of four sections, every 5 um). Scale 
10 um. (E) Onset of microtubule nucleation in live human 
oocytes expressing EGFP-MAP4 upon microinjection with 
either Ran T24N or BSA. The box plot is as in Fig. 1B. The 
number of oocytes is specified in italics. ***P < 10“ (t test). 
Two oocytes injected with Ran T24N never nucleated micro- 
tubules. (F) The spindle volume was quantified in live human 
oocytes expressing EGFP-MAP4 upon microinjection with 
either Ran T24N or BSA. The number of oocytes is specified 
in italics. 
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um. Polar body extrusion in these cells is shown in fig. S5B. (B) Live human oocytes expressing S 


EGFP-MAP4, as shown in (A), were scored for the presence and degree of spindle instability. n, 

number of oocytes. (C) The duration of spindle instability was measured in live human oocytes expressing EGFP-MAP4, as shown in (A). The box plot is as 
in Fig. 1B. The number of oocytes is specified in italics. (D) Live human and mouse oocytes expressing EGFP-MAP4 (microtubules) were scored for the 
presence of spindle instability. The number of oocytes is specified in italics. (E) Illustration of classes of lagging chromosomes in live human oocytes 
expressing H2B-mRFP1 (chromosomes) and EGFP-MAP4 (microtubules) (z projections of three or five sections, every 3 or 5 um). Scale bar, 10 um. (F) 
Live human oocytes expressing H2B-mRFP1 (chromosomes) and EGFP-MAP4 (microtubules), as shown in (E), were scored for the presence of 
transiently lagging or persistent lagging chromosomes. The number of oocytes is specified in italics. *P < 0.05; ***P < 10°© (Fisher's exact test). 


Fig. 4. Correction of 
kinetochore-microtubule 
attachments is incom- 
plete close to anaphase. 
(A) Immunofluorescence 
staining (z projections of 
13 sections, every 0.3 um) 
of kinetochores (CREST) 
and microtubules 
(a-tubulin) in cold-treated 
human oocytes fixed 
during early or late spindle 
assembly. Chromosomes 
were labeled with Hoechst. 
Scale bars in overview pan- 
els (left), 5 um. High-resolution images of six individual chromosome 
bivalents from the overview are shown on the right (z projections of two 
sections, every 0.3 um). Scale bars (right), 1 um. (B) Illustration of am- 
phitelic and merotelic kinetochore-microtubule attachments. Immuno- 
fluorescence staining (z projections of three sections, every 0.3 um) of 
kinetochores (CREST) and microtubules (a-tubulin) in cold-treated human 
ocytes fixed close to anaphase onset. Chromosomes were labeled with 
Hoechst. The outlined regions are magnified on the right. Arrowheads 
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denote merotelically attached microtubules. Scale bars, 5 um. (A and B) All 
images were deconvolved. Background signal outside of the spindle area 
was masked in a kinetochore channel (magenta). (C) Ten cold-treated 
oocytes fixed close to anaphase onset [as shown in (B)] were scored for 
amphitelic, merotelic, or syntelic kinetochore-microtubule attachments. In 
one case, the bivalent’s kinetochores were attached to the same, instead of 
opposite, poles (syntelic attachment). n, number of kinetochore-microtubule 
attachments. 
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abnormal attachments would put the oocyte at 
risk of chromosome segregation errors (fig. S9), 
providing at least one mechanism for the rela- 
tively frequent aneuploidy of eggs, even in young 
women (3, 30). Our findings may also explain 
why human oocytes are more prone to aneu- 
ploidy than oocytes from mice or other orga- 
nisms, where the presence of MTOCs may render 
spindle assembly and chromosome segregation 
more efficient. 
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ELECTRON MICROSCOPY 


2.2 A resolution cryo-EM structure of 
-galactosidase in complex with a 
cell-permeant inhibitor 


Alberto Bartesaghi,’* Alan Merk,’* Soojay Banerjee,’ Doreen Matthies,’ Xiongwu Wu,” 
Jacqueline L. S. Milne,’ Sriram Subramaniam"{ 


Cryo-electron microscopy (cryo-EM) is rapidly emerging as a powerful tool for protein 
structure determination at high resolution. Here we report the structure of a complex 
between Escherichia coli B-galactosidase and the cell-permeant inhibitor phenylethyl 
B-p-thiogalactopyranoside (PETG), determined by cryo-EM at an average resolution of 

~2.2 angstroms (A). Besides the PETG ligand, we identified densities in the map for ~800 water 
molecules and for magnesium and sodium ions. Although it is likely that continued 
advances in detector technology may further enhance resolution, our findings demonstrate 
that preparation of specimens of adequate quality and intrinsic protein flexibility, rather 
than imaging or image-processing technologies, now represent the major bottlenecks to 
routinely achieving resolutions close to 2 A using single-particle cryo-EM. 


cosahedral viruses were the first biological 

assemblies whose structures were determined 

at near-atomic resolution using cryo-electron 

microscopy (cryo-EM) combined with meth- 

ods for image averaging (J-10). Over the past 
2 years, structures for a variety of nonviral as- 
semblies have been reported using cryo-EM at 
resolutions between ~2.8 and ~4.5 A (17-20). Four 
of these instances have been of complexes with 
sizes below 1 MD: the 700-kD proteasome at 
3.3 A (16) and 2.8 A resolution (17), the 465-kD 
Escherichia coli B-galactosidase (B-Gal) at 3.2 A 
resolution (J8), the 440-kD anthrax protective 
antigen pore at 2.9 A (19), and the 300-kD TrpV1 
ion channel at 3.4 A resolution (20). Because these 
structures are of complexes that are dispersed in 
the aqueous phase, the peripheral regions of the 
proteins are less ordered and are at lower res- 
olution than the more central regions; nevertheless, 
most side-chain densities are clearly delineated 
in the well-ordered regions of the maps. In crys- 
tallographically determined structures of proteins 
at resolutions of 2.3 A or better, features such as 
protein-ligand hydrogen bonding, salt bridges, and 
location of key structured water molecules can be 
ascertained with a high degree of confidence (27). 
There is great potential for the use of cryo-EM 
methods in applications such as drug discovery 
and development if similar resolutions could be 
achieved without crystallization. Whether there are 
fundamental limitations with currently available 
methods for specimen preparation, microscope 
hardware, inelastic scattering from the ice layer, 
inaccuracies in microscope alignment, detector 
technology, data collection procedures, or image 
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processing software to achieve resolutions ap- 
proaching 2 A is a question that remains un- 
answered in the current context of rapid advances 
in the cryo-EM field (22). This is especially rel- 
evant for smaller protein complexes (<1 MD) with 
low symmetry, where the errors in alignment of 
the projection images make the analysis more 
challenging than for larger or more symmetric com- 
plexes such as ribosomes and ordered viruses (23). 

We recently reported the structure of E. coli 
B-Gal at 3.2 A resolution (J8). Comparing the 
cryo-EM-derived structure with that derived from 
x-ray crystallography, we identified regions such 
as the periphery of the protein and crystal contact 
zones where there were measurable deviations 
between crystal and solution structures. To test 
whether we could further improve map resolution, 
we explored a range of experimental conditions 
including variations in specimen preparation, imag- 
ing, and steps in data processing (see supplemen- 
tary materials and methods). We analyzed the 
structure of B-Gal bound to phenylethyl B-p- 
thiogalactopyranoside (PETG), a potent inhibitor 
that blocks enzyme activity by replacing the 
oxygen in the O-glycosidic bond with a sulfur 
atom. Although no crystal structure is available 
for the complex formed between E. coli B-Gal and 
PETG, a crystal structure is available for PETG 
bound to Trichoderma reesei B-Gal (24). There 
is, however, very little sequence similarity (sequence 
identity of 12.8% determined by Clustal 12.1) 
between the two variants, with the T. reesei var- 
iant displaying a completely different fold and 
crystallizing as a monomer instead of a tetramer 
(fig. SL). 

Cryo-EM images recorded from plunge-frozen 
specimens of the B-Gal-PETG complex and the 
corresponding radially averaged power spectra 
were analyzed to select images displaying signal 
at high resolution (fig. S2, A to C). For each 
recorded image, we also assessed the extent of 
movement during the course of the ~8-s exposure 
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(fig. S2D). From a data set of 1487 images that 
displayed detectable signal in the power spec- 
tra extending beyond 3 A and that had low 
amounts of beam-induced movement during 
the exposure, we extracted 93,686 molecular im- 
ages using automated particle-selection pro- 
cedures using a Gaussian disk as a template. 
We used various combinations and subsets of 
the frames collected from each region and iter- 
atively evaluated their contribution to map 
quality (fig. S3A). The final map, which we as- 
sessed as having the highest overall map quality, 
was obtained using the information in the im- 
ages collected from ~12 electrons (e°)/A? of each 
exposure (Fig. 1A). We estimate the overall av- 
erage resolution of the map to be ~2.2 A, using 
both the 0.143 Fourier shell correlation (FSC) 
criterion, as well as the resolution at which an 
FSC obtained between the experimental cryo- 
EM map and the map computed from the map- 
derived cryo-EM atomic model has a value of 
0.5 (fig. S3B). This was further supported by 
visual inspection of map quality (movie SI). 
The 2.2 A mean resolution of our map indicates 
that some regions, such as at the periphery, are 
at lower resolution than 2.2 A, whereas other 
regions closer to the center are at higher resolu- 
tion, displaying features consistent with electron 
density maps from x-ray structures determined 
at resolutions of ~2 A (fig. $4). 

An overview of the density map for one of 
the four equivalent chains in the B-Gal com- 
plex and densities for regions from different 
portions of the molecule are shown in Fig. 1. 


Fig. 1. Cryo-EM density map of the p-Gal-PETG 
complex at 2.2 A resolution. (A) Surface repre- 
sentation of the density map of one of the four 
protomers in the tetrameric complex. (B to D) 
Visualization of selected map regions showing 
delineation of secondary structural elements, amino 
acid densities, and carbonyl moieties (indicated 
by asterisks). The density for Phe®’ is thinned out 
in the center of the aromatic ring, revealing the 
presence of a “hole” in the ring, a feature typically 
observed in structures determined by x-ray crys- 
tallography at resolutions of ~2 A. 
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The path of the polypeptide chain is well de- 
lineated, enabling placement of the sequence 
into the density map (Fig. 1, B to D). Exam- 
ination of the map also shows clear densities 
for several backbone carbonyl groups and sev- 
eral ordered water molecules in the structure. 
We identified 194 densities in each protomer 
where we could place water molecules with con- 
fidence based on the shape of the local density, 
map value, and location at the right distance 
range for hydrogen bonding to polar groups 
in the vicinity. In the majority of instances, these 
water molecules are at locations also identified 
in the 1.7 A crystal structure of B-Gal (Protein 
Data Bank ID 1DP0), providing independent 
validation of their assignment. Selected exam- 
ples of tightly bound water molecules in the 
structure are shown in Fig. 2, illustrating in- 
stances where they are present in connected 
chains, coordinated to multiple polar residues, 
coordinated to the polypeptide backbone, or 
coordinated to the Mg”* ion in the active site. 
The fact that water molecules can be placed with 
confidence in a structure of a 465-kD complex 
determined by single-particle cryo-EM is an 
exciting advance that bodes well for the use of 
cryo-EM in drug-discovery applications. 

The cryo-EM map includes density for PETG 
in the active site (Fig. 3A). The key catalytic 
residues Glu*®! (general base for acid catalysis), 
coordinating to the Mg”* ion, and Glu®” (nucleo- 
phile) are in close proximity to the ligand, with 
density for a structured water molecule visible in 
the binding pocket. In addition, other residues 


A 


that stabilize the binding of the inhibitor (Asn, 
Asp** Met, Tyr, His™°, Asp®®®, Phe, Val™, 
and Trp®’’) also show appropriate steric dispo- 
sitions, as displayed in Fig. 3B. There are sub- 
stantial differences in the orientation and location 
of the PETG molecule in the T: reeset enzyme 
(Fig. 3C), with rotation of the benzyl moiety around 
the S-C-7 single bond by almost 180° This is 
perhaps not unexpected, given that there is very 
little overall structural similarity between the en- 
zymes from these two species (fig. S1) and the pat- 
tern of residues that are involved in H-bonding 
to the ligand are also different (Fig. 3, B and D). 
Stereochemical parameters of the key conserved 
catalytic residues (Glu” and Glu”) in the T: reesei 
complex are different from those in the E. coli com- 
plex, as are the general distribution of nonpolar res- 
idues that stabilize the inhibitor in the pocket, 
establishing the value of direct determination of 
the actual structure of the ligand in a protein com- 
plex, even when a related structure is available. 
In Fig. 4, we show examples of the densities 
observed for each of the 20 standard amino acids, 
where the level of detail at which individual C, N, 
and O atoms are observed is consistent with maps 
derived from x-ray crystallography at nominal res- 
olutions of ~2 A (fig. S4). However, in contrast to a 
2F ops — Peale Map obtained by x-ray crystallography, 
both phases and amplitudes of cryo-EM density 
maps are derived experimentally from the images, 
eliminating the need to assign phases derived from 
the atomic model, as is customarily done in x-ray 
crystallography. As a consequence, density contours 
in cryo-EM maps are subject to inaccuracies from 
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a number of resolution-lowering distortions (in- 
stances of which are visible in Fig. 4A) that can 
arise at various stages of data collection and pro- 
cessing. Factors that can contribute to distortions 
include inaccuracies in determination of the con- 
trast transfer function for each image, errors in 
orientation determination during refinement, 
distinct patterns of radiation damage in each 
of the molecular images used for reconstruc- 
tion, and the changes introduced from apply- 
ing a uniform temperature factor correction to 
scale the map. Despite these distortions, which 
appear to be random, the overall shape of the 
residues can nevertheless be distinguished clear- 
ly. As more structures are determined at these 
higher resolutions, it is possible that there may 
be enough statistical basis to study these dis- 
tortions quantitatively, and perhaps exploit pat- 
terns that may emerge from this analysis to 
improve refinement strategies to achieve even 
higher resolution. 

The data collection schemes currently used in 
cryo-EM with direct electron detectors enable the 
use of numerous combinations in which the dose 
can be fractionated during the exposure, as well as 
a number of ways in which different subsets of the 
frames collected for each exposure can be com- 
bined to generate a three-dimensional (3D) recon- 
struction. The map we present in Figs. 1 to 4 was 


obtained from a subset that excludes the very 
early portion of the exposure, uses the next 12 e/A?, 
and excludes the latter part of the exposure. In the 
course of our studies, we analyzed many differ- 
ent maps constructed by using different subsets 
of the exposure. The highest-resolution features, 
such as holes in the rings of the aromatic resi- 
dues (Fig. 4 and fig. S4), were better resolved in 
maps constructed using the interval of the expo- 
sure containing the highest-resolution informa- 
tion (fig. S3A). 

Based on our present analysis and its compar- 
ison with our earlier cryo-EM structure of B-Gal 
at 3.2 A resolution, we can now articulate our 
best understanding of all of the changes that we 
introduced that enabled us to improve the reso- 
lution to ~2.2 A. Perhaps the most important is 
the much more careful selection of regions where 
the ice was thin enough to obtain the highest 
detectable signals yet thick enough to allow a 
spread of orientations (as judged by the distribu- 
tion of orientations assigned to each molecular 
image used to construct the final map). Second, 
the use of a lower dose rate to minimize the ef- 
fects of coincidence loss of the detector and the 
use of a finer pixel size resulted in improved image 
contrast and maximization of amplitudes at low 
resolution (25), which allowed us to go to closer 
to focus and still be able to correctly pick and 


B Asn44 


align particles. Third, we carried out 3D classifi- 
cation throughout the iterative refinement cycle, 
which we did not do in the case of the structure 
at 3.2 A resolution. Finally, we believe that the 
use of nearest-neighbor interpolation during mo- 
tion correction, coupled with better-quality data, 
allowed improved recovery of higher-resolution 
information in the final reconstruction. 

X-ray crystallographic methods have led to the 
deposition of almost 95,000 atomic-resolution 
protein and protein-nucleic acid structures over 
the past few decades. There have been impressive 
advances in speed and resolution, as well as in 
the development of highly automated workflows 
over the years. Relative to those of the x-ray field, 
cryo-EM methods are still in an early phase of 
development, with only ~30 deposited models for 
coordinates derived from electron microscopic 
analysis at near-atomic resolution. The recent 
progress by many groups worldwide suggests 
that this number will increase rapidly and will 
extend to specimens that may not be easily ame- 
nable to crystallization. Our demonstration here 
that the structure of a ligand-protein complex 
can be determined in the solution phase at 
resolutions close to 2 A suggests that cryo-EM 
is positioned to become an indispensable tool 
in structural biology and for drug-discovery 
applications. 


Fig. 2. Visualization of tightly bound water molecules in the structure of the p-Gal-PETG complex. (A to F) Selected examples of densities for water 
molecules (highlighted in yellow) hydrogen bonded in pearl-string-like chains (A), connected to the polypeptide backbone and multiple amino acid side chains 
[(B) to (E)], or interacting with the Mg** ion in the active site (F). 
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Fig. 3. Active-site structure in PETG-liganded E. coli 
B-Gal. (A) Uncorrected cryo-EM density map show- A 
ing density for PETG, an associated water molecule, 
and six of the amino acids that line the binding pocket. 
(B) Plot of distances of various parts of PETG to res- 
idues in the vicinity of B-Gal from E. coli, determined 
using LIGPLOT (www.ebi.ac.uk/thornton-srv/software/ 
LIGPLOT/). (C) Superposition of the ligand binding 
pocket structures in B-Gal from E. coli (light blue, de- 
termined by cryo-EM at 2.2 A resolution) and T. reesei 
(green, determined by x-ray crystallography at 1.4 A 
resolution), illustrating the differences in protein and 
igand structures. (Inset) Comparison between the cor- 
responding configurations of PETG. (D) Plot of dis- 
tances of various parts of PETG to amino acids in the 
vicinity of B-Gal from T. reesei, determined using LIGPLOT. 
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Fig. 4. Illustration of map quality at the level of amino acids. (A) Visualization of map density for examples of each of the 20 standard amino acids, which 


are grouped into neutral (nonpolar and polar), basic, and acidic categories. (B and C) | 


lustration of contours of densities for multiple lle residues (B) and front, 


tilted, and edge views for Tyr°°* (C). In each case, the density contours are consistent with the 2.2 A resolution we report. 
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NEURODEGENERATION 


CIORF72 repeat expansions in mice 
cause TDP-43 pathology, neuronal 
loss, and behavioral deficits 
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The major genetic cause of frontotemporal dementia and amyotrophic lateral sclerosis is 
a G,C2 repeat expansion in C9ORF72. Efforts to combat neurodegeneration associated 
with “c9FTD/ALS” are hindered by a lack of animal models recapitulating disease features. 
We developed a mouse model to mimic both neuropathological and clinical C9FTD/ALS 
phenotypes. We expressed (G,C2)6_ throughout the murine central nervous system by 
means of somatic brain transgenesis mediated by adeno-associated virus. Brains of 
6-month-old mice contained nuclear RNA foci, inclusions of poly(Gly-Pro), poly(Gly-Ala), 
and poly(Gly-Arg) dipeptide repeat proteins, as well as TDP-43 pathology. These mouse 
brains also exhibited cortical neuron and cerebellar Purkinje cell loss, astrogliosis, and 
decreased weight. (G4C2)66 mice also developed behavioral abnormalities similar to clinical 
symptoms of c9FTD/ALS patients, including hyperactivity, anxiety, antisocial behavior, 


and motor deficits. 


n intronic G,C. repeat expansion in the 
chromosome 9 open reading frame 72 
(C9ORF72) gene is the major genetic cause 
of frontotemporal dementia (FTD) and 
amyotrophic lateral sclerosis (ALS) (J, 2). 
Although FTD and ALS are characterized, re- 
spectively, by cognitive and behavioral symptoms 
and by motor symptoms, there is clinical and neu- 
ropathological overlap between the two diseases. 
The precise mechanisms by which the COORF72 
mutation contributes to “c9FTD/ALS” remain elu- 
sive, but toxicity mediated by RNA bidirectionally 
transcribed from the expansion [r(G4C»)exp and 
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1(GoC4)exp] is thought to play an important role 
(3-12). Repeat-containing transcripts form intra- 
nuclear RNA foci believed to sequester various 
RNA-binding proteins (8, 9, 11, 13-17), and they 
are also susceptible to repeat-associated non-ATG 
(RAN) translation resulting in the synthesis of 
“CORAN proteins” of repeating dipeptides (18-21). 
Despite advances made toward elucidating c9FTD/ 
ALS pathogenesis, many questions remain because 
of the lack of mouse models recapitulating key 
disease features. 

To investigate the neurotoxic effects linked to 
the expanded G,C, repeat and to create a model 


for testing new therapies in vivo, we sought to 
generate mice that develop clinical and patholog- 
ical features of c9FTD/ALS. We used an adeno- 
associated viral vector to mediate robust expression 
of either 2 or 66 G,C, repeats, lacking an ATG 
start codon, in the central nervous system (CNS) 
of mice. Six months after intracerebroventricular 
(ICV) administration of AAV2/9-(G4C5)65 (2 = 11) 
or AAV2/9-(G4C2)2 (n = 12) to postnatal day 0 
mice, which results in predominantly neuronal 
transduction (22), a thorough characterization 
of the mice was undertaken. 

To assess whether RNA foci are formed in 
(G4Cz)e6 mice, we performed RNA fluorescence 
in situ hybridization using a probe against r(G,C2). 
As anticipated, no foci were detected in control 
(G4Co). mice (Fig. 1A), but nuclear foci were de- 
tected throughout the CNS of (G4C)6¢ mice (Fig. 1, 
B to E), reminiscent of those observed in c9FTD/ 
ALS patients (Fig. 1, F and G). Foci were present 
across all layers of the cortex (Fig. 1B), in Purkinje 
cells of the cerebellum (Fig. 1C), in the CA1 to 
CA3 fields of the hippocampus (Fig. 1D), and 
in the thalamus (table S1). Foci were also ob- 
served, albeit to a lesser extent, in the ventral 
horn of the spinal cord (Fig. 1E), as well as in 
the hippocampal dentate gyrus, cerebellar gran- 
ular and molecular layers, and the amygdala 
(table S1). The number of foci-positive cells 
ranged from 40 to 54% in the cortex, motor 
cortex, hippocampus, and cerebellar Purkinje 
layer (Fig. 1H). 

To investigate RAN translation in (G4C2)¢6 
mice, we first used a poly(Gly-Pro) [poly(GP)] 
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Fig. 1. Intranuclear RNA foci 
were detected in the CNS of 
(G4C2)66 mice. The presence of 
r(G4Cz) RNA foci in brain and 
spinal cord of 6-month-old (G4C2)2 
and (G4C2)e6 mice was evaluated 
by RNA fluorescence in situ 
hybridization. (A) Foci were not 
detected in (G4C2)2 mice; shown 
is a representative image of the 
cortex. (B to G) In (G4C2)e6 mice, 
RNA foci were detected in various 
regions—including the cortex (B), 
cerebellum (C), hippocampus (D), 
and spinal cord (E)—and were 
similar to foci observed in the 
cortex (F) and cerebellum (G) of 
c9FTD/ALS patients. (H) The 
average percentage of cells 


RNA Foci+ cells (%) 


containing nuclear RNA foci in the indicated brain regions of (G4C2)66 mice (n = 11) was calculated. The total number of cells counted per region was 500 for 
cortex, motor cortex, and hippocampus (CAI to CA3) and 100 for Purkinje cells. Scale bars: (A), (D), (F), and (G), 25 um; (B), (C), and (E), 10 um. 
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Fig. 2. C9RAN protein pathology was detected throughout the CNS of (G4C2)66 mice. Intranuclear and cytoplasmic inclusions immunopositive for poly(GA), 
poly(GP), or poly(GR) were observed in various regions of the CNS of 6-month-old (G4C2)¢6 mice, including the cortex (A to C’), hippocampus (D to F), cerebellum 
(Gto I), and spinal cord (J to L’). Note also the diffuse nuclear poly(GP) staining [(B), (B’), (E), (H), and (K)] and diffuse cytoplasmic poly(GR) staining [(C), (F), and 
(L)]. Semiquantitative analysis of CORAN protein staining in different neuroanatomical regions is provided in table S1. No cC9RAN proteins were detected 


in 6-month-old control (G4C2)2 mice (fig. S3). Scale bar, 20 um. 


immunoassay and observed robust poly(GP) ex- 
pression in brain homogenates of (G4C2)g6 mice 
but not (G4C>)2 mice (fig. $1). In addition, CORAN 
protein inclusions were specifically expressed 
in the CNS of (G4C2)g6 mice (Fig. 2 and fig. $2), 
as seen in c9FTD/ALS patients (fig. $3). Indeed, 
1(G4C2)g6 Was RAN translated in all frames. In 
the cortex and hippocampus of (G4C2)g6 mice, 
and less frequently in the cerebellum and 
spinal cord, globular poly(Gly-Ala) [poly(GA)], 
poly(GP), or poly(Gly-Arg) [poly(GR)] inclusions 
were detected most frequently in the nucleus, but 
cytoplasmic inclusions were also present. We 
also observed cells with diffuse nuclear poly(GP) 
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staining and diffuse cytoplasmic poly(GR) stain- 
ing. On the basis of semiquantitative analysis, 
cells immunopositive for poly(GA) or poly(GP) were 
more frequent than those immunopositive for 
poly(GR) (table SI), consistent with c9FTD/ALS 
c9RAN protein pathology (23). The majority of 
c9RAN protein inclusions in (G4C2)gs mice were 
ubiquitin-positive (fig. S4), as in cC9FTD/ALS (24), 
and localized to microtubule-associated protein 
2-positive neurons but rarely to glial fibrillary 
acidic protein (GFAP)-positive cells (fig. S5). About 
70% of cortical cells immunopositive for poly(GP) 
inclusions also contained at least one RNA focus 
(fig. S6). 


Inclusions of phosphorylated TDP-43 (pTDP- 
43) are yet another neuropathological feature 
of c9FTD/ALS (Fig. 3, A and A’) (23). Remark- 
ably, nuclear, and occasionally cytoplasmic, in- 
clusions of endogenous pTDP-43 were observed 
in the cortex (Fig. 3, B and B’) and hippocam- 
pus (Fig. 3C) of (G4C2)g6 mice that were present 
in about 7 to 8% of cells (Fig. 3E) but were not 
observed in (G4C2)o mice (Fig. 3D). Immuno- 
blot analysis of hemibrain urea fractions con- 
firmed the presence of insoluble pTDP-43 in 
(G4C2)g6 mice (Fig. 3F). Insoluble pTDP-43 was 
predominantly monomeric, but oligomers of 
~80 kD were also observed. The high-molecular- 
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F 


pTDP-43 inclusions (%) 


weight or truncated pTDP-43 species seen in 
c9FTD were not detected in (G4C2)g6 mice un- 
der these conditions. Of the 250 cortical cells 
with pTDP-43 pathology examined among five 
(G4C2)g6 mice, all harbored at least one nuclear 
RNA focus (Fig. 3G). Similarly, ~75% of cells with 
pIDP-43 pathology also contained poly(GA) in- 
clusions. Despite the coexistence of both proteins 
in a given cell, they did not localize to the same 
inclusions (Fig. 3H). 

Next, we evaluated whether expression of the 
expanded repeat caused neurodegeneration and 
gliosis. In (G4Cz)g¢ mice, the number of NeuN- 
positive neurons in the whole cortex and motor 
cortex was significantly reduced by 17% and 23%, 
respectively (Fig. 4, A to F), and 11% fewer Pur- 
kinje cells were present in the cerebellum (fig. S7, 
A to C). No such cell loss was observed in the 
hippocampus, thalamus, or spinal cord. Immu- 
noreactivity for GFAP, a marker of reactive gliosis, 
was increased in the cortex of (G4C2)g5 mice (fig. 
S7, D to F). 

To determine whether the combination of path- 
ological features described above affected be- 
havior, 6-month-old (G4C2)2. and (G4C2)g5 mice 
were subjected to a battery of behavioral tasks. At 
this time point, no significant difference in body 
weight was detected between male mice express- 
ing 2 or 66 repeats, but female (GC )g5 mice 
exhibited an 11% decrease in body weight com- 
pared with female (G4C2)2 mice (fig. S8A). A 
modest, but statistically significant, decrease 
in brain weight in (G4C2)g¢ mice was evident (fig. 
S8B), which again suggested that the expanded 
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c9FTD (G,C2). 


pTDP-43 (S409/S410) 


Total TDP-43 


(G4Ca)e6 


repeat caused brain atrophy. The open-field as- 
say can be used to evaluate general locomotor 
activity, exploration, and anxiety-like behavior 
in a novel environment. (G4C2)g6 mice showed 
a decreased tendency to explore the center of 
the open field (Fig. 4, G and H), which is sug- 
gestive of anxiety-like behavior. (G4C2)g6 mice 
also traveled a longer distance in comparison 
with (G4C.)o-expressing mice (Fig. 41) and ata 
greater speed (fig. S8C), indicative of hyper- 
activity. Such hyperactivity has been linked to 
behavioral disinhibition in a mouse model of 
Alzheimer’s disease (25). 

To examine whether the behavioral pheno- 
type of (G,C2)gs mice includes a social compo- 
nent, we used a three-chamber social interaction 
test. This test assesses the active interaction 
time of the test mouse, with a novel probe mouse 
housed in a cylinder within one of the cham- 
bers and an empty cylinder in the opposite 
chamber. Compared with (G,C2)2 mice, (G4C2)66 
mice spent more time in the chamber with the 
empty cylinder than in the chamber containing 
the probe mouse (Fig. 4J), which suggested social 
abnormalities. 

Finally, motor coordination and balance of 
mice were evaluated using the Rota-Rod test in 
which mice have to keep their balance on a ro- 
tating rod. Although no significant difference in 
time spent on the rod before falling off was seen 
between (G4C2)e¢ and (G4C2)o mice on the first 
day of testing, from the second day onward (G4Ca)65 
mice fell significantly faster, which is indicative 
of motor impairments (Fig. 4K). 


Fig. 3. (G4C2)e6 mice developed inclusions com- 
posed of pTDP-43. (A and A’) Representative 
pTDP-43 inclusions in postmortem c9FTD/ALS 
frontal cortex sections. (B to D) Similarly, multiple 
cells with nuclear, and occasionally cytoplasmic 
pTDP-43, inclusions were observed in the cortex 
(B and B’) and hippocampus (C) of 6-month-old 
(G4Co2)e6 mice. No pTDP-43 immunoreactivity was 
detected in control (G4C2)2 mice; shown is a rep- 
resentative image of the cortex (D). (E) The aver- 
age percentage of cells with pTDP-43 inclusions in 
the indicated regions was calculated on the basis 
of evaluations of 500 cells per mouse (n = 6 mice). 
(F) pIDP-43 was detected in brain urea fractions 
from (G4C2)e6 mice and a c9FTD patient but not 
from (G4C2)2 mice. Symbols: thigh molecular weight 
species; toligomers; *full-length protein; #cleavage 
products. (G) Of 250 cells containing pTDP-43 in- 
clusions examined among five (G4C2)e66 mice, all 
were found to contain nuclear foci. (H) Of 250 cells 
containing pTDP-43 inclusions examined among 
five (G4C2)66 mice, ~75% were found to be positive 
for poly(GA) inclusions. Nuclei are stained blue in 
(A) to (D), (G), and (H). Scale bars: (A) to (C), (G), 
and (H), 10 wm; (D), 20 um. 


Here, we found that mice expressing (G4C2)¢6 
throughout the CNS developed RNA foci, ubiquitin- 
positive inclusions of c9RAN proteins, and pTDP-43 
inclusions, as well as cortical neuron and cere- 
bellar Purkinje cell loss. These abnormalities 
likely contributed to the behavioral phenotype 
of (G4C2)g6 mice that suggested the disinhibi- 
tion, anxiety, impaired social cognition, and mo- 
tor skill deficits observed in c9FTD/ALS patients 
(26). These data demonstrate that the expression 
of expanded sense G,C, repeats is sufficient to 
cause neuropathological changes and neurode- 
generation; however, additional studies are re- 
quired to determine the contribution of antisense 
repeats to disease. 

(G4C2)g6 Mice should prove valuable in de- 
ciphering pathomechanisms associated with 
the C9ORF72 repeat expansion. Indeed, the ob- 
servation of pTDP-43 inclusions in (G4C.)g6 mice 
suggests that the repeat expansion is an ini- 
tiator of TDP-43 pathology. Because all exam- 
ined cells with TDP-43 pathology were found 
to contain foci, repeat-containing RNA or the 
foci themselves may be responsible for insti- 
gating TDP-43 abnormalities. As (G4C2)g6 mice 
recapitulate neuropathological and clinical pheno- 
types of c9FTD/ALS, they also offer an attractive 
model for testing potential therapeutics tar- 
geting r(G4C>)exp, such as antisense oligonucleo- 
tides (8, 11, 12) and small molecules (27). In fact, 
our findings suggest that such approaches may 
not only mitigate foci formation and RAN transla- 
tion, they may also alleviate TDP-43-mediated 
toxicity. 
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Fig. 4. (G4Cz)eé6 mice developed cortical neuron loss and exhibited be- 
havior and motor deficits at 6 months of age. (A and B) Representative 
images of NeuN-labeled cells in the cortex of (G4Ca)2 mice (n = 6) and 
(G4C2)66 mice (n = 6). (C) Quantification of NeuN-positive cells in the whole 
cortex [area delineated in black in (A) and (B)]. (D and E) Enhanced 
magnification of the motor cortex [area delineated in purple in (A) and (B)]. 
(F) Quantification of NeuN-positive cells in the motor cortex. (G to I) In the 
open-field test, (G4C2)66 mice (n = 11) displayed signs of increased anxiety- 
like behavior compared with (G4C2)2 mice (n = 12), as evidenced by rep- 
resentative traces (G) and a significant decrease in distance traveled in the 


0 
(G4C2)2 (G4Ca2)66 


0 
(GaC2)2 (G4C2)66 Test 1 Test 2 Test 3 Test 4 


center area normalized to total distance traveled (H). (G4C2)e6 mice traveled 
a greater distance overall (1), which is indicative of hyperactivity. (J) In the 
social interaction test, (G4C2)e6_ mice had a decreased interaction score, 
which is indicative of social deficits. (K) Motor deficits, manifesting as a 
decreased latency to fall from a rotating rod, were observed in (G4C2)66 mice 
on test day 2 to 4 of the Rota-Rod test. Scale bars: (A) and (B), 1 mm; (D) and 
(E), 300 um. Data are presented as means + SEM; *P < 0.05, unpaired, two- 
tailed Student’s t-test. ****P < 0.0001, ***P < 0.001, **P < 0.01, two-way 
analysis of variance followed by Sidak's multiple comparisons test. Abbre- 
viated units: m, meters; s, Seconds. 
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CELL BIOLOGY 


Reversible centriole depletion with an 
inhibitor of Polo-like kinase 4 


Yao Liang Wong,'* John V. Anzola,”* Robert L. Davis,”* Michelle Yoon,” 
Amir Motamedi,” Ashley Kroll,’ Chanmee P. Seo,” Judy E. Hsia,” Sun K. Kim,” 
Jennifer W. Mitchell,’ Brian J. Mitchell,? Arshad Desai,’ Timothy C. Gahman,” 


Andrew K. Shiau,”{+{ Karen Oegema’}{ 


Centrioles are ancient organelles that build centrosomes, the major microtubule- 
organizing centers of animal cells. Extra centrosomes are a common feature of cancer 
cells. To investigate the importance of centrosomes in the proliferation of normal and 
cancer cells, we developed centrinone, a reversible inhibitor of Polo-like kinase 4 (PIk4), 
a serine-threonine protein kinase that initiates centriole assembly. Centrinone treatment 
caused centrosome depletion in human and other vertebrate cells. Centrosome loss 
irreversibly arrested normal cells in a senescence-like G, state by a p53-dependent 
mechanism that was independent of DNA damage, stress, Hippo signaling, extended 
mitotic duration, or segregation errors. In contrast, cancer cell lines with normal or 
amplified centrosome numbers could proliferate indefinitely after centrosome loss. 
Upon centrinone washout, each cancer cell line returned to an intrinsic centrosome 
number “set point.” Thus, cells with cancer-associated mutations fundamentally differ 
from normal cells in their response to centrosome loss. 


entrioles template assembly of cilia and 

recruit pericentriolar material to form cen- 

trosomes (J, 2). Centriole duplication is 

tightly controlled, so that mitotic cells have 

precisely two centrosomes (3, 4). Supernu- 
merary centrosomes are prevalent in cancer and 
have been postulated to contribute to tumori- 
genesis (5-7), perhaps by promoting chromosomal 
instability (8, 9) or increasing cellular invasiveness 
(10). However, whether cancer cells become de- 
pendent upon extra centrosomes for prolifera- 
tion is unknown. 

Centriole assembly is controlled by the serine- 
threonine protein kinase Polo-like kinase 4 (PIk4) 
(11-15). Of all the compounds previously reported 
to bind Plk4, only CFI-400945 and related ana- 
logs exhibit any in vitro Plk4 selectivity (16-20), 
and none prevent centrosome assembly in cells. 
CFI-400945 also induces centrosome amplifica- 
tion and phenotypes associated with Aurora B 
inhibition (fig. S1) (78). Therefore, to develop a 
selective Plk4 inhibitor with in vivo efficacy, we 
chose the pan-Aurora kinase inhibitor VX-680, 
which also inhibits Plk4 (16, 17, 20), as a template 
(fig. S2, A and B). Guided by modeling, we in- 
troduced a methoxy substituent at the VX-680 
C5 position (magenta shading in Fig. 1A) to target 
the rare hinge-region methionine in Plk4: (Met™) 
(fig. S2B) and generated a compound with ~15-fold 
in vitro preference for Plk4 over Aurora A. Out 
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of an additional 390 analogs synthesized and 
characterized, 133 (34%) had half-maximal inhib- 
itory concentration (ICs59) values <100 nM for 
Plk4 in vitro, but only one, LCR-015 (in which the 
VX-680 cyclopropylamide was replaced with 
a benzyl sulfone) (orange shading in Fig. 1A), 
depleted centrosomes in NIH/3T3 mouse embry- 
onic fibroblasts and HCT-116 human colon carci- 
noma cells at concentrations <10 uM (fig. S2A). 
Optimization of LCR-015 produced two highly 
selective Plk4: inhibitors with robust cellular ac- 
tivity: centrinone [LCR-263; inhibition constant 
(K;) = 0.16 nM in vitro; centrosome depletion 
at 100 nM] and centrinone-B (LCR-323; K; = 
0.6 nM in vitro; centrosome depletion at 500 nM) 
(Fig. 1A). A 2.65 A centrinone-Plk4 kinase domain 
cocrystal structure (Fig. 1, B and C, and table S1) 
revealed that the benzyl sulfone moiety required 
for cellular activity (orange in Fig. 1, A and C) 
wraps around the catalytic lysine (Lys”) and forms 
hydrophobic contacts with Asp’ of the Asp-Phe- 
Gly (DFG) motif (Fig. 1C and fig. S2C), which 
should disfavor transition to the active state. Both 
centrinones exhibited >1000-fold selectivity for 
Plk4 over Aurora A/B (Fig. 1A and table S2) in 
vitro and did not affect cellular Aurora A or B 
substrate phosphorylation at concentrations that 
deplete centrosomes (fig. S2D). In vitro screening 
against 442 human kinases (16) at ~500 x K; and 
subsequent dose-response analysis indicated high 
selectivity (tables S3 and S4), particularly against 
mitotic kinases. Although we report data obtained 
with centrinone, key results were replicated with 
centrinone-B. 

Plk4 inhibition prevents new centriole assem- 
bly without disassembling preexisting centrioles 
(11, 12, 14). Consistent with this, centrinone treat- 
ment of HeLa human cervical carcinoma cells 
led to a progressive reduction in foci containing 


centriolar and pericentriolar material markers at 
each round of cell division, until most cells lacked 
centrioles and centrosomes (Fig. 1D and fig. 
S2E). Centriole loss prevented formation of pri- 
mary cilia and resulted in the absence of focal 
microtubule organization during recovery from 
nocodazole treatment (fig. S3, A and B). Golgi 
organization was unaffected (fig. S3C), consistent 
with its ability to nucleate microtubules inde- 
pendently of centrosomes (27). Centriole loss was 
fully reversible; 10 days after centrinone washout, 
all cells exhibited normal centrosome numbers 
(Fig. 1D). Treatment with centrinone reduced 
centriole number in multiciliated Xenopus epi- 
thelial cells, which indicated that Plk4 also con- 
trols centriole amplification in differentiated cells 
(fig. S4). To confirm that these effects were due to 
Plk4 inhibition, we generated a PIk4 mutant [in 
which Gly” is replaced by Leu (G95L)] with wild- 
type biochemical activity that sterically hindered 
centrinone binding [K; (mutant)/K; (wild type) > 
400] (table S2 and fig. S2C). Treatment with cen- 
trinone blocked centriole amplification in cells over- 
expressing wild-type but not G95L Plk4 (Fig. 1E), 
which confirmed that centrinone prevents centri- 
ole assembly by inhibiting Plk4. 

For the first 2 days after centrinone addition, 
when cells retained two or one centrosomes, the 
proliferation of HeLa and NIH/3T3 cells was 
identical to controls; this was followed by a de- 
crease in proliferation rate coincident with the 
appearance of centrosome-less cells (Fig. 2A, Fig. 
1D, and fig. S5). Cells treated long-term continued 
to proliferate at the slower rate and returned to 
the control rate after washout-mediated centro- 
some recovery (Fig. 2B). Measurement by single-cell 
imaging in cells coexpressing green fluorescent 
protein-proliferating cell nuclear antigen (GFP- 
PCNA) and histone 2B-red fluorescent protein 
(H2B-RFP) revealed that G,+S and G, durations 
were not substantially different in centrosome- 
less cells compared with controls (Fig. 2D and fig. 
S6). Imaging of cells coexpressing centrin-GFP 
and H2B-RFP revealed that mitotic duration was 
increased by ~20 min in centrosome-less NIH/ 
3T3 cells and by ~1 hour in HeLa cells (fig. S7). 
Consistent with prior work (22, 23), centrosome 
loss increased the frequency of mitotic errors 
(Fig. 2E and fig. S7), which resulted in cell death 
(Fig. 2F and fig. S6C) that quantitatively ex- 
plained the reduced proliferation after centro- 
some removal (fig. S6D). Centrosome-less NIH/ 
3T3 and HeLa cells arrested in response to DNA 
damage and also retained the ability to bypass 
this arrest when treated with caffeine (fig. S8). 

To determine whether centriole depletion is 
preferentially deleterious to cell lines with super- 
numerary centrosomes, we analyzed the basal 
level of centrosome amplification across a panel 
of 21 cell lines that continued to proliferate after 
centrinone treatment (table S5). Nine lines span- 
ning a range of amplification levels (HeLa, 4%; 
NIH/3T3, 6%; U208, 7%; HCT116, 9%; Calu-6, 
11%; MDA-MB-231, 16%; BT-549, 19%; and N1E- 
115-1, 81%) were depleted of centrosomes, and their 
proliferation rate was compared with dimethyl 
sulfoxide (DMSO)-treated controls (Fig. 2, A and 
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C). We observed no correlation between basal 
centrosome amplification state and proliferation 
after centrosome depletion, which indicated that 
cells with multiple centrosomes are not addicted 
to them. 

To study the origins of centrosome amplifica- 
tion within cancer cell lines, we depleted centro- 
somes from three cell lines that normally exhibit 
low (HeLa, 4%); medium (BT-549, 19%); or high 
(N1E-115-1, 81%) amplification (Fig. 2G). We then 
washed out centrinone and counted centrosomes 
at regular intervals. In all three lines, centrinone 
washout triggered an initial wave of centrosome 
overduplication (Fig. 2G and fig. S9, A and C), 
owing to the lack of copy number control during 
de novo assembly and elevated Plk4 levels that 
resulted from inhibition of autophosphorylation- 
mediated degradation (figs. SIC and S9D). This 
wave of overduplication was followed by a gradual 
return to a centrosome number distribution sim- 
ilar to that before depletion (Fig. 2G). Live im- 
aging of HeLa cells revealed that recovery of the 
original distribution occurred by removal of cells 


with supernumerary centrosomes via multipolar 
mitoses with death of the resulting progeny (fig. 
S9B). Thus, each cancer cell line has an intrinsic 
centrosome number distribution, or “set point,” 
that is independent of preexisting centrosomes 
and reflects a dynamic equilibrium between on- 
going overduplication and selection against cells 
with extra centrosomes. 

To determine whether centrosomes are required 
for the proliferation of normal human cells, we 
analyzed the effect of centrosome depletion in 
three cell lines and three primary cell cultures. 
Prior work with RPE] human retinal pigment 
epithelial cells showed that transient centrosome 
removal did not block passage through the sub- 
sequent GS transition (24), but the effect of 
multigenerational centrosome removal could not 
be analyzed because S-phase entry triggered de 
novo centriole assembly. Using centrinone to per- 
sistently block centriole assembly in RPE1 cells, 
we found that centrosome loss coincided with a 
plateau in cell number (Fig. 3A). A 12-day passag- 
ing assay and flow cytometry showed that centro- 


some depletion led to cell cycle arrest in G, (Fig. 3E 
and fig. SIOA); an identical arrest was observed 
after centrosome depletion in three primary cell 
cultures and two other lines lacking cancer- 
associated mutations (table S6 and fig. S10, B 
and D). Centrinone treatment did not lead to 
centrosome loss or proliferation arrest in RPE1 
cells where both endogenous PLK4 alleles were 
engineered to express the centrinone-resistant 
G95L mutant (Fig. 3B and fig. S11), which indi- 
cated that the arrest is triggered by centrosome 
loss due to Plk4 inhibition. 

The potent G, arrest in the absence of centro- 
somes was in contrast to the normal progression 
through G,-S observed after transient centro- 
some removal (24). To address this difference, we 
used live-cell imaging to establish the lineage of 
RPEI cells coexpressing centrin-GFP and H2B- 
RFP after acute centrinone treatment (Fig. 3C). Pio- 
neer one-centrosome mothers divided at normal 
frequency, but a significant fraction of their one- 
and zero-centrosome progeny arrested (25.5% 
and 33.0%, respectively). The majority (70%) of 
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Fig. 1. Centrinone is a selective Plk4 inhibitor that reversibly depletes 
centrioles from cells. (A) Chemical structures, K; values, and selectivities 
[Plk4 versus Aurora A/B; k; (kinase)/K; (PIk4)] of the centrinones and VX-680. 
(B) Crystal structure of the centrinone-Plk4 kinase domain complex (orange 
aC helix). (C) Close-up of centrinone in the Plk4 active site. The aminopyrazole 
moiety of centrinone hydrogen bonds (orange dashes) with the main chain 
carbonyl of Glu°° and the carbonyl and amide nitrogen of Cys?*. The 5-methoxy 
substituent (magenta spheres) packs against the Met?! side chain (magenta 
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stick and gray spheres). The benzyl sulfone moiety (orange surface) wraps 
around Lys*! (orange). (D) HeLa cells 7 days after centrinone addition and 
10 days after centrinone washout. (Insets: 3.3x magnified). Scale bar, 10 um. 
Schematic shows progressive centrosome depletion after Plk4 inhibition. 
Bar graph shows the centrosome number distribution after centrinone addi- 
tion and washout. (E) y-Tubulin foci in NIH/3T3 cells induced to overexpress 
wild-type or centrinone-resistant (G95L) PIk4-GFP. Scale bar, 5 um. Data in (D) 
and (E) are means + SD; number of experiments (N) = 3. 
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the progeny of pioneer zero-centrosome mothers 
arrested. That one-centrosome progeny of one- 
centrosome mothers arrested indicates that cells 
detect loss of even a single centrosome. Thus, 
penetrant G, arrest requires one to two cell cycles 
after centrosome removal, which explains why 
it was not observed after transient centrosome 
ablation. We speculate that progressive arrest, 
rather than an immediate block when one or both 


centrosomes are absent, allows for rescue by the 
de novo centriole assembly pathway. 

Of the cell lines we identified that continue 
to proliferate in the absence of centrosomes, 12 
have mutations in or suppress expression of p53 
(table S5), which suggests that the arrest is p53- 
dependent. Consistent with this, immunoblot 
analysis showed increased levels of p53 and its 
downstream effector p21 after centrosome deple- 


tion (Fig. 3D and fig. S10C). Fixed analysis in 
RPE! cells and primary fibroblasts revealed that 
this p53 increase paralleled the arrest observed 
in the lineage analysis (fig. S10, E and F), and 
small hairpin RNA (shRNA)-mediated p53 de- 
pletion in RPE1 cells allowed indefinite prolifer- 
ation in the absence of centrosomes (Fig. 3E). 
Three lines of evidence indicate that the p53- 
dependent arrest was not a consequence of DNA 
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Fig. 2. Transformed cells proliferate indefinitely in the absence of cen- 
trosomes. (A) Proliferation curves of HeLa and NIH/3T3 cells immediately 
after addition of centrinone or DMSO (control). (B) Proliferation curves after 
chronic (>2 weeks) centrinone treatment (left), or after chronic centrinone 
treatment followed by drug washout for >2 weeks (right). (C) Proliferation 
curves after chronic (>2 weeks) centrinone treatment in cell lines with varying 
degrees of centrosome amplification. Numbers in parentheses are percentages 
of cells exhibiting centrosome amplification in untreated population. Data in (A) 
to (C) are means + SEM (N = 3). (D) Gj+S and Ge durations measured in HeLa 
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and NIH/3T3 cells coexpressing GFP-PCNA and H2B-RFP (see fig. S6). Data 
are means + SD. (E) Percentage of cells exhibiting mitotic defects measured in 
HeLa and NIH/3T3 cells coexpressing centrin-GFP and H2B-RFP (see fig. S7). 
(F) Percentage of cells undergoing cell death in HeLa and NIH/3T3 cells, 
measured by using a fluorescent caspase substrate. Data are means + SD 
(N = 2). (G) Graphs showing centrosome number distribution over time after 
centrinone washout from HeLa, BT-549, and N1E-115-1 cells treated long-term 
(>2 weeks). The centrosome number distribution in untreated cells (“Pre” bars) 
is also shown for each cell line. Data are means + SD (N = 3). 
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damage. First, no posttranslational modifications 
were observed at eight p53 residues associated 
with DNA damage signaling (Ser®, Ser’, Ser”°, 
Ser®’, Ser®’, Ser”, and Ser®”” phosphorylation and 
Lys**? acetylation) (Fig. 4A and fig. S12A) (25, 26). 
Second, y-H2A.X foci, which mark sites of double- 
stranded DNA breaks, were not more abundant in 
centrinone-treated cells (Fig. 4B and fig. S12B). 
Third, chemical inhibition of the DNA damage- 
response kinases ATM, ATR, Chk1, and DNA-PK 
had no effect on the proliferation arrest induced 
by centrosome loss (fig. S12C). The G, arrest in- 
duced by centrosome loss was also not due to 
stress signaling; p38 stress kinase, activated by 
both doxorubicin-induced DNA damage and 
chromosome missegregation (induced by Mps1 
inhibition), was not activated by centrosome loss 
(Fig. 4C), and a p38 inhibitor had no effect on 
the G, arrest (fig. S12, D and E). Knockdown of 
LATS2 or expression of constitutively active 
YAP—both recently shown to bypass a Hippo 
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pathway-mediated arrest resulting from cyto- 
kinesis failure (27)—also did not bypass the arrest 
caused by centrosome loss (Fig. 4D and fig. S13). 
When mitosis is artificially prolonged beyond 
~90 min in RPEI cells (unperturbed duration is 
~20 min), a mitotic duration sensor arrests the 
resulting progeny in G, in a p53-dependent man- 
ner (28) (Fig. 4, left). In a study of Sas4-/- mouse 
embryos, it was proposed that centriole loss 
delays mitosis and activates the sensor, which 
triggers p53-dependent apoptosis (29, 30). To test 
this idea, we correlated the mitotic duration of 
mother cells with daughter cell fate during the 
course of centrosome depletion (Fig. 4E and fig. 
$14A). All one-centrosome mothers and 87% of 
zero-centrosome mothers spent less time in mito- 
sis than the duration sensor timing cutoff (dashed 
black line in Fig. 4E), with most completing this 
step in significantly less time. There was no cor- 
relation between mitotic duration in the mother 
cell and daughter cell fate. Thus, the G, arrest 


triggered by centrosome loss is not a result of 
extended mitotic duration. In addition, chro- 
mosome missegregation was observed only in 
a minority of cells (asterisks in Fig. 4E), which 
suggested that aneuploidy resulting from cen- 
trosome loss was not the cause of the arrest. 
Consistent with this, after deliberate induction of 
chromosome missegregation via Mps1 inhibition, 
only 11% of the progeny of mothers with visible 
missegregation arrested in G, (fig. S14B). 

Our results indicate that the p53-mediated G, 
arrest after centrosome loss is not due to any pre- 
viously described signaling mechanism. Instead, 
centrosome loss resembles the effect of chemically 
blocking the interaction between p53 and MDM2, 
the E3 ubiquitin ligase that targets p53 for deg- 
radation (37). Both centrosome loss and treat- 
ment with the Mdm2 inhibitor R7112 raised p53 
levels without genotoxic stress and led to in- 
creased MDM2 and decreased MDM4< levels 
(Fig. 4F). However, whereas R7112 washout led 
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a normal two-centrosome complement (left) confirms the exis- 


tence of a mitotic duration sensor that arrests daughter cells if the mother cell spends more than ~84 min (black dashed lines on all plots) in mitosis. (F) 
Western blot of RPE1 cells treated with centrinone or R7112. (G) Passaging assay of RPE1 cells after addition (day 0) and washout (day 8) of centrinone or 


R7112. Data in (D) and (G) are means + SD (N = 2). 


to resumption of proliferation, centrinone washout 
did not (Fig. 4G), even though arrested cells re- 
mained viable for >3 weeks. This difference could 
result from centrosomes being necessary to 
suppress p53 levels and new centriole assembly 
requiring S-phase entry. Effectively, this would 
trap centrosome-less G,-arrested cells in a “Catch- 
22” situation—unable to reduce p53 levels and 
enter S-phase because they lack centrosomes 
and, at the same time, unable to form new cen- 
trosomes because they cannot enter S-phase. 

In summary, the Plk4 inhibitor centrinone 
permits reversible knockout of centrioles and 
centrosomes and may prove broadly useful for 
analysis of these organelles. Centrinone treat- 
ment revealed that centrosomes are essential for 
the proliferation of normal human cells, settling 
a long debate and highlighting an important 
difference from Drosophila (32). In their absence, 
a centrosome loss sensor arrests cells in G, in a 
p53-dependent manner distinct from previously 
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described signaling mechanisms. In addition to 
preventing the proliferation of centrosome-less 
cells, the centrosome loss sensor may also serve a 
physiological function. As centrosome inactiva- 
tion is coincident with differentiation in many 
contexts (33-35), we speculate that it may not 
only be important to form specialized micro- 
tubule arrays, but may also function as a barrier 
restricting cell cycle reentry. Cancer-derived cell 
lines, irrespective of their basal amplification state, 
continue to proliferate without centrosomes, al- 
beit with substantially reduced mitotic fidelity. 
The differential effect of centrosome removal on 
normal cells and cells with cancer-associated 
mutations suggests the possibility of combining 
centrosome depletion with other perturbations 
to selectively target dividing cancer cells. 
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AGING STEM CELLS 


A Werner syndrome stem cell model 
unveils heterochromatin alterations 
as a driver of human aging 


Weiqi Zhang,* Jingyi Li,?* Keiichiro Suzuki,?* Jing Qu,** Ping Wang,’ Junzhi Zhou," 
Xiaomeng Liu,” Ruotong Ren,’ Xiuling Xu,’ Alejandro Ocampo,” Tingting Yuan," 
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Concepcion Rodriguez Esteban,” Fuchou Tang,”0?+ 
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Werner syndrome (WS) is a premature aging disorder caused by WRN protein deficiency. 
Here, we report on the generation of a human WS model in human embryonic stem 
cells (ESCs). Differentiation of WRN-null ESCs to mesenchymal stem cells (MSCs) 
recapitulates features of premature cellular aging, a global loss of H3K9me3, and 
changes in heterochromatin architecture. We show that WRN associates with 
heterochromatin proteins SUV39H1 and HPle and nuclear lamina—heterochromatin 
anchoring protein LAP2f. Targeted knock-in of catalytically inactive SUV39H1 in wild-type 
MSCs recapitulates accelerated cellular senescence, resembling WRN-deficient MSCs. 
Moreover, decrease in WRN and heterochromatin marks are detected in MSCs from 
older individuals. Our observations uncover a role for WRN in maintaining heterochromatin 
stability and highlight heterochromatin disorganization as a potential determinant of 


human aging. 


erner syndrome (WS), also known as 
adult progeria, recapitulates certain as- 
pects of human physiological aging 
(1D. WS is caused by mutations in the 
WRN gene, resulting in loss of WRN 
expression or function (J). WRN protein plays 
roles in DNA replication, transcription, repair, 
and recombination, as well as telomere main- 
tenance, indicating that one of the major causes 
for WS pathogenesis relates to genomic insta- 
bility (7, 2). Epigenetic alterations have been 
associated with cellular aging in diverse model 
organisms (2-4). In humans, somatic cells derived 
from patients with premature aging syndromes 
are characterized by loss of heterochromatin 
marks (5-7). However, it is unclear whether 
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epigenetic dysregulation is involved in WS 
pathogenesis. 

Generation of patient-specific induced pluri- 
potent stem cells (iPSCs) represents a promising 
avenue to model and study human aging and 
aging-associated disorders (8). WS-specific iPSC 
lines may constitute an ideal source for in vitro 
modeling of WS. However, we found that WS 
patient fibroblast lines deposited in different cell 
banks presented severe karyotypic abnormalities 
and secondary DNA mutations associated with 
advanced stages of WS pathology. To create an 
unbiased human WS cellular model, we sought 
to generate an isogenic WS embryonic stem cell 
(ESC) line by knocking out exons 15 and 16 of the 
WRN gene encoding the conserved DNA helicase 


domain (9). After two rounds of homologous re- 
combination using helper-dependent adenoviral 
vector (HDAdV) (10, 11), we successfully generated 
homozygous WRN-null ESC lines (ESCs-WRN ‘) 
(Fig. 1, Aand B, and fig. SI, A to D). ESCs-WRN7/- 
expressed pluripotency markers, maintained nor- 
mal karyotype, and could differentiate into all 
three germ layers (Fig. 1A and fig. S2, A to E). 
ESCs-WRN~/~ lacked detectable WRN protein, as 
determined by Western blot using antibodies spe- 
cific to the N or C terminus of WRN (Fig. 1B). No 
difference in cell cycle kinetics and cell growth 
rate between wild-type and WRN-null ESCs was 
observed (fig. S2, F to H). 

WS patients are mainly characterized by pre- 
mature aging pathologies associated with degen- 
eration of mesodermal tissues, i.e., osteoporosis, 
atherosclerosis, and gray hair (7). We hypothesized 
that WS patients may suffer from an accelerated 
exhaustion of the mesenchymal stem cell (MSC) 
pool. This was tested by differentiating ESCs- 
WRN ~~ into MSCs. MSCs-WRN ~~ expressed MSC- 
specific cell surface markers CD73, CD90, CD105; 
lacked expression of MSC-irrelevant antigens, in- 
cluding CD45, CD34, and CD43 (fig. S3A); and 
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could differentiate into osteoblasts, chondrocytes, 
and adipocytes (fig. $3, B and C) (12). 

Upon serial passaging, WRN-deficient MSCs re- 
capitulated major phenotypes of premature aging, 
including premature loss of proliferative poten- 
tial, increased number of senescence-associated-B- 
galactosidase (SA-B-gal)-positive cells, up-regulated 
expression of aging-associated genes p16™*** and 
p21" and activation of senescence-associated 
secretory phenotype (SASP) (Fig. 1, C to E, and fig. 
$3, D to G) (13). Moreover, when WRN-deficient 
MSCs expressing luciferase were transplanted 
into the muscle of nonobese diabetic/severe com- 
bined immunodeficiency (NOD/SCID) mice, they 
underwent an accelerated attrition compared 
to wild-type MSCs (Fig. 1F and fig. S3H). These 
results demonstrated that the loss of WRN pro- 
motes premature senescence in MSCs. 

WRN deficiency in MSCs resulted in elevated 
DNA damage response (DDR), indicated by in- 
creased nuclear foci for 53BP1, y-H2AX, and phos- 
phorylated ATM/ATR substrates (fig. S4, A to C). 
Restoration of WRN activity by lentivirus-mediated 
expression in MSCs-WRN~"~ resulted in partial al- 
leviation of DDR and cellular senescence (fig. S4, 
D and E). To investigate potential chromosomal 
abnormalities resulting from the loss of WRN pro- 
tein, we performed genome-wide copy number 
variation (CNV) analysis by deep sequencing. In 
the time frame examined, genomic integrity was 
minimally affected in MSCs-WRN~’~ (fig. S4F). 

Epigenetic alteration has been considered as a 
hallmark of aging (2). MSCs-WRN~/~ showed a 
distinct nuclear Hoechst 33342 staining pattern 
with markedly enlarged nuclei and a high pixel-to- 
pixel coefficient of variation (CV) value, indicating 
possible changes in chromatin structure (Fig. 2A 
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and fig. SSA). Moreover, WRN-deficient MSCs exhib- 
ited accelerated diminishment of heterochromatin- 
associated inner nuclear membrane (INM) proteins 
LAP2B and LBR and reduced heterochromatin 
structure underneath the nuclear envelope, as in- 
dicated by immunostaining and electron micros- 
copy (Fig. 2B and fig. S5, B and C) (/4). These 
results suggest a progressive disorganization of 
heterochromatin in WRN-deficient MSCs. 

Further investigation of heterochromatin re- 
organization at histone and DNA levels revealed 
marked down-regulation of the constitutive het- 
erochromatin mark H3K9me3 (trimethylated 
histone H3 at lysine-9) in MSC-WRN~‘~ (Fig. 2C 
and fig. S5, D and E). In contrast, H3K27me3 showed 
slight down-regulation, whereas H3K4me3, a mark 
for euchromatin fiber, exhibited comparable levels 
between WRN-deficient and wild-type MSCs (Fig. 
2C and fig. S5, D and E). We did not observe ob- 
vious genome-wide alteration of 5-methylcytosine 
(5mC) in WRN-deficient MSCs (Fig. 2C). Bio- 
informatic analysis identified 73 H3K9me3- 
enriched “mountains” throughout the genome 
in MSCs-WRN*’*, which are characterized by 
>20 kb of consecutive peaks of H3K9me3 (Fig. 
2D). Of these H3K9me3 mountains, 28 (38%) 
were lost in MSCs-WRN ~~ (Fig. 2D). Interestingly, 
24 (86%) of these impaired H3K9me3 mountains 
resided in subtelomeric or subcentromeric re- 
gions (Fig. 2, D and E, and table S1). 

RNA sequencing (RNA-seq) identified 1047 
RefSeq genes that showed differential expression 
in MSCs-WRN ~~ (fig. S6, A and B, and table $2). 
The most obviously down-regulated genes were 
centromere-packaging proteins and components 
of the nuclear membrane (fig. S6, A to E, and 
table S3). These results indicate alterations in 


Cc -— MSC-WRN+/+ 
§ -o MSC-WRN-/- 
Geri 20 
py 
a 15 
oD 
om 
g 9" 
= = 5 a 
= 0 
E 19°34 3 67 
7 Passage number 
PS F : ‘ 
= 4 ge & 
z i v bad 
Zz a, 
= © 
a 
® > 1.0 
fa 
ee 
Ss £ 0.5 
o= 
2 
% 00% : 
ac xv x 
RS 
i 


nuclear structure and epigenomic organization, 
potentially leading to a progressive loss of het- 
erochromatin structure in MSCs as a consequence 
of WRN depletion. 

In agreement with previous reports describing 
WRN as a telomere-associated protein required 
for telomere maintenance (15), compromised telo- 
merase activity and shorter telomere length were 
detected in MSC-WRN ~~ (fig. S7, A and B). In ad- 
dition, chromatin immunoprecipitation-quantitative 
polymerase chain reaction (ChIP-QPCR) showed 
binding of WRN to the H3K9me3-enriched cen- 
tromeric loci a-Satellite (a-Sat) and Satellite 2 
(Sat2) (Fig. 3A) (16). Depletion of WRN resulted 
in an increase in centromeric y-H2AX signal and 
a loss of H3K9me3 from o-Sat and Sat2 loci ac- 
companied by up-regulation of transcripts from 
these sequences (Fig. 3, A and B, and fig. S7C). 
Coimmunoprecipitation (Co-IP) analysis revealed 
WRN as part of a complex containing the major 
histone methyltransferase for H3K9me3—SUV39HI1, 
HPla, and LAP2£, a nuclear envelope component 
that recruits heterochromatin via anchoring to 
HPla (Fig. 3C and fig. S7D) (17). These observations 
suggest a role for WRN, together with SUV39H1 
and HPia, in the stabilization of heterochromatin. 

We next tested whether disorganization of het- 
erochromatin could contribute to accelerated 
cellular senescence. Knockdown of SUV39H1 or 
HPlo in wild-type MSCs led to a reduction of 
overall H3K9me3 and induction of cellular 
senescence, as assayed by Western blot, SA-B-gal 
staining, and p16 expression (Fig. 3D and fig. S8, 
Ato D). On the contrary, overexpression of HPla 
up-regulated H3K9me3 levels and repressed cel- 
lular senescence in WRN-deficient MSCs (fig. 
S8, E to H). To confirm these observations, we 


Fig. 1. WRN-deficient MSCs exhibit phenotypes 
associated with premature cellular senescence. 
(A) Morphology and immunofluorescence (IF) an- 
alyses of pluripotency markers in ESCs. Scale bar, 
100 um and 10 um, respectively. (B) Western blot 
analysis of WRN expression in ESCs using anti-WRN 
N-terminal (ab200) and C-terminal (SC-5629) anti- 
bodies. (C) Growth curve analyzing the cumulative 
population doubling of MSCs. (D) Senescence- 
associated (SA)—B-gal staining in passage 1 (P1) 
and P5 MSCs. Scale bar, 50 um. (E) Quantitative 
RT-PCR analysis of the indicated genes in P1 and 
P5 MSCs. Transcript levels were normalized to MSCs- 
WRN*’* group. Genes with greater mean value are 
color coded toward red. (F) Photon flux from mus- 
cle of aNOD-SCID mouse transplanted with MSCs- 
WRN** (left) and MSCs-WRN~~ (right) expressing 
luciferase. All data are represented as mean + SEM. 
*P < 0.05, **P < 0.01, ***P <0.001 by Student's 
t test; n = 3 independent experiments. 
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Fig. 2. Epigenomic analyses of WRN-deficient MSCs. (A) Left: Chromatin 
structure of MSCs shown by Hoechst 33342 staining of the nucleus. Scale 
bar, 5 um. Right: CV value of nuclear Hoechst staining intensity used to 
evaluate the heterogeneity (pixel-to-pixel variation) of Hoechst intensity. (B) 
Immunofluorescence analyses of LAP2B expression in MSC-WRN*/* and 
MSC-WRN~“~ at P5. Arrowheads denote abnormal nuclei with decreased 
LAP28 expression (percentage of LAP2B-positive nuclei in corner). Scale bar, 
10 um. n = 3 independent experiments. (C) Enrichment of H3K9me3, 
H3K27me3, H3K4me3, and 5mC on the gene bodies and 21 kb upstream of 
TSS (transcription start site) and 21 kb downstream of TTS (transcription 
terminal site) regions in the human genome. (D) Sketch map of “H3K9me3 


mountain” distribution over 23 chromosomes. The blue lines indicate 73 
“H3K9me3 mountains” present in MSCs-WRN*’*, whereas 48 (65.8%) of 
them are localized within 5 Mb regions around the telomeres or centromeres. 
The red arrowheads indicate 28 “H3K9me3 mountains,” which are lost in 
MSCs-WRN~’~. The circles indicate the centromeres of chromosomes. (E) 
Representative images showing two “H3K9me3 mountains” on chromosome 
2 in the subtelomere or subcentromere regions in P5 MSCs-WRN~’~ and 
MSCs-WRN*7*. Two biological replicates of each sample are presented. Black 
square denotes the centromere; red rectangles denote the position of the 
presented subtelomere and subcentromere regions, respectively. All data are 
represented as mean + SEM. ***P < 0.001 by Student's t test. 
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Fig. 4. SUV39H1'"524« mutant MSCs exhibit defective nuclear envelope and heterochromatin, as 
well as phenotypes of premature cellular senescence. (A) As described in Fig. 2A (left), Hoechst 
staining images of the nucleus; right, CV value of nuclear Hoechst staining intensity used to evaluate the 
heterogeneity (pixel-to-pixel variation) of Hoechst intensity. (B) Immunofluorescence analyses of LAP2B 
expression in MSCs. Arrowheads denote the abnormal nuclei with decreased LAP28 (percentages of 
normal nuclei presented at corner). Scale bar, 20 um. n = 3 independent experiments. (C) Western blot 
analysis of the indicated proteins in MSCs. (D) SA-B-gal staining in MSCs at P5. Scale bar, 50 um. n = 3 
independent experiments. (E) Western blot analysis of the indicated proteins in human primary MSCs 
derived from old and young healthy individuals at P4 (see table S4). All data are represented as mean + 


SEM. ***P < 0.001 by Student's t test. 


generated pluripotent ESCs-SUV39HI'"""* lines 
harboring catalytically inactivated endogenous 
SUV39H1 (fig. S9, A to D). Upon differentiation, 
MSCs-SUV39H1'"*** displayed drastic nuclear 
structural and chromosomal changes, loss of 
INM proteins LAP28 and LBR, decreased levels 
of H3K9me3 and HPla, up-regulation of centro- 
meric repetitive sequence transcription, and co- 
ordinated transcriptional down-regulation of 
centromere-packaging components (Fig. 4, A to 
C, and fig. S10, A and B). MSCs-SUV39HT?™"* re- 
capitulated premature aging phenotypes observed 
in WRN-deficient MSCs, including retarded cell 
growth and accelerated cellular senescence deter- 
mined by SA-f-gal staining (Fig. 4D and fig. S10, 
C to E). High expression of SUV39H2, a germline- 
specific histone methyltransferase, and/or other 
factors may functionally compensate for SUV39H1 
deficiency in ESCs (fig. S1OF) (18, 19), where upon 
inactivation of the WRN-SUV39H1 axis, no dis- 
cernible heterochromatin change was observed 
(figs. S1IOG and S8A). It should be noted that 
MSCs-SUV39H1'"** exhibit neither increased 
y-H2AX (P = 0.773) and phosphorylated ATM/ATR 
substrates (P = 0.279), nor telomere attrition (figs. 
S10H and S7, A and B). These results indicate that 
heterochromatin destabilization promotes pre- 
mature aging in MSCs. 

Finally, we asked whether heterochromatin 
disorganization could be a common hallmark for 
physiological human stem cell aging. For this pur- 
pose, we compared the levels of heterochromatin 
marks in primary dental pulp MSCs derived from 
six young (7- to 26-year-old) and six old (58- to 72- 
year-old) individuals (fig. SIOI and table S4) (20). 
Amarked down-regulation of WRN protein asso- 
ciated with a decrease in H3K9me3, HPlo,, SUV39HI, 
and LAP28 levels in MSCs derived from old 
individuals (Fig. 4E). Therefore, specific hetero- 
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chromatin changes may underlie both patholog- 
ical and physiological MSC aging. 

In summary, we have found that WRN pro- 
tein, besides its role in DNA repair, functions 
to safeguard heterochromatin stability (fig. S11). 
Our results reveal that the progressive hetero- 
chromatin disorganization observed in WRN- 
deficient MSCs underlies cellular aging, but 
more extensive studies are needed to examine 
its role during physiological aging. The meth- 
odologies and observations introduced here 
may be used and extended toward the system- 
atic study of other age-associated molecular events 
with relevance to human aging and age-related 
disorders. 
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Methotrexate ELISA Kit 

Methotrexate is a drug designed as an 
anti-folate to inhibit the metabolism of fo- 
lic acid. The methotrexate enzyme-linked 
immunosorbent assay (ELISA) enables 
the monitoring of methotrexate levels dur- 
ing treatment of cancer and rheumatoid 
arthritis. The methotrexate assay is also 
appropriate for the detection of metho- 
trexate contamination after its use as a 
selective agent for recombinant protein 
production in mammalian cell lines. The 
ultrasensitive assay allows for detection 
of as little as 1.4 ng/mL of methotrexate 
in human serum and plasma. It has also 
been validated for use in human urine, 
mouse plasma, mouse serum, rat plasma, 
and rat serum. The ELISA offers a broad 
dynamic range, reducing the need to di- 
lute your samples. The kit allows for high 
throughput analysis and time-savings 
through the analysis of up to 38 samples 
in duplicate in just 90 minutes. The ELISA 
is thoroughly validated to ensure excel- 
lent reproducibility between experiments, 
and low cross-reactivity with structurally 
related molecules. 

Enzo Life Sciences 

For info: 800-942-0430 
www.enzolifesciences.com 


Multiphoton Laser Scanning 
Microscope 

The FluoView FVMPE-RS series’ high- 
speed scanner allows observation of 
ultrarapid biological responses, and the 
system can obtain vivid images from as 
deep as 8 mm below the tissue surface. 
Two new configurations now expand the 
FluoView FVMPE-RS series beyond the 
original upright frame version introduced 
in 2013 to offer even greater scope and 
flexibility for research. The new con- 
figurations also open up a wide range of 
observation possibilities suited to imaging 
a greater variety of biological specimens. 
The Gantry microscope frame features an 
ultrastable arch-like structure that allows 
considerable space beneath the objective 
to accommodate experiments of varied 
sizes. A volume of 640 mm wide, 355 mm 


high, and 520 mm deep is available if the stage is removed, provid- 
ing sufficient space for the researcher’s own experimental apparatus 
and providing flexibility to suit different observation purposes. The 
inverted microscope frame is ideal for observation of cells in three- 
dimensional cultures, where multiple layers of cells are cultured in a 


petri dish or similar vessel. 
Olympus 

For info: +49-(0)-40-23773-5913 
www.olympus-lifescience.com 


Hotplate Stirrers 

Hotplate stirrers are designed to offer syn- 
thetic chemistry laboratories affordability, 
top-build quality, and high performance 
without compromising on safety. Manu- 
factured in an ISO9001-2008 production 
facility, each hotplate stirrer incorporates 
two independent control circuits. The 
additional and independent safety cir- 
cuit is for limiting the maximum heating 
plate temperature; this can be adjusted 
between 50°C and 360°C but cannot be 
changed accidentally. This ensures that 
the flashpoint of your reaction solvent is 
not exceeded, making it ideal for teaching 
laboratories. A hermetically sealed design 
protects the hotplate stirrer motor as- 
sembly from spillages ensuring long-term 
reliability and operator safety. For labs 
looking to regularly undertake unattended 
overnight reactions, Asynt hotplate stirrer 
packages are supplied with an additional 
third temperature controller, which im- 
proves reproducibility and accuracy to 
within 0.5°C while maintaining operational 
safety. The hotplate stirrers also feature a 
very powerful magnetic drive with ramp 
start function, especially useful when stir- 
ring more viscous samples or for parallel 
synthesis of multiple tubes or flasks. 
Asynt 

For info: +44-(0)-1638-781 709 
www.asynt.com 
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No-Wash Potassium lon Channel 
Assay Kit 

The new homogeneous, no-wash assay 
is designed to measure ligand- and 
voltage-gated potassium channel 
activity. The FLIPR Potassium Assay 

Kit uses a novel thallium-sensitive 
indicator dye and a masking agent to 
significantly widen the conventional 
assay window, enabling studies of 
channels with low conductance or low 
expression levels. The kit’s protocol 
eliminates the customary wash steps 
that introduce artificial variation and limit 
high throughput automation. Current 
thallium-based potassium ion channel 
assays require multiple buffer or media 
replacements, making them slow and 
cumbersome, and prone to well-to-well 
variation. Pervasive background noise 
also undermines accurate assessment of 
the small signals generated by many low- 
conductance channels or low-expressing 
cell lines. The FLIPR Potassium Assay 
Kit directly measures potassium channel 
function using a thallium-sensitive 
indicator dye that passively diffuses 

into cells as an acetoxymethyl ester. 
Cytoplasmic esterases cleave the dye 
into its fluorogenic form. A proprietary 
masking agent further reduces the 
background fluorescence and enhances 
the signal-to-noise ratio. 

Molecular Devices 

For info: 800-635-5577 
www.moleculardevices.com/potassium 


Mounting Media 

The latest addition to the Vectashield 
Mounting Media product line is Vecta- 
shield HardSet with Phalloidin. This 

new formulation contains fluorescently 
labeled Phalloidin, that specifically 
binds actin filaments within a cell. The 
tetramethylrhodamine phalloidin in this 
product produces an orange-red fluores- 
cent signal when excited at 544 nm and 
viewed at 572 nm. One or two drops are 
directly applied to the cell/tissue prepa- 
ration similar to our other Vectashield 
products. Actin filament architecture 


can then be viewed along with a contrasting fluorescent marker for 
a specific target antigen. Vectashield Mounting Media are unsur- 
passed in preventing photobleaching of fluorescent proteins and 
fluorescent dyes (see website for compatibility). 

Vector Laboratories 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 
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applicable U.S. and non-U.S. laws. Science reserves 
the right to refuse any advertisement at its sole 
discretion for any reason, including without limitation 
for offensive language or inappropriate content, 

and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads 
that they feel may be discriminatory or offensive. 
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POSITIONS OPEN 
DIRECTOR OF THE WATER INSTITUTE 


The Penn State Institutes of Energy and the En- 
vironment (PSIEE), in the Office of the Vice President 
for Research at The Pennsylvania State University, in- 
vites applications for Director of the Water Institute. 

The Water Institute is the newest of the institutes 
under PSIEE. The inaugural Director will be charged 
with leading the unit in shaping the overall water re- 
lated research portfolio; in coordination with over 120 
exceptional faculty, distributed across eight colleges at 
University Park and several regional campuses. Current 
water research activity includes, three major centers sup- 
ported by NSF and EPA, and over $40 million per 
year of external funding for water and closely allied re- 
search fields. The quality of Penn State’s water schol- 
arship is exceptional, with the fifth most citations 
and the highest citation per publication ratio of all 
major U.S. universities during the last 5 years. Addi- 
tional information about Penn State’s water programs 
and PSIEE are detailed in the Water Task Force Report 
and PSIEE Strategic Plan, both available at website: 
http://psiee.psu.edu. 

The Director of the Water Institute must have a 
strong interest in facilitating interdisciplinary water schol- 
arship, developing the Water Institute’s grant portfo- 
lio, and increasing the exposure of Penn State as a 
national leader in water research. The Director will also 
participate in the recruitment of new faculty. Successful 
candidates must have a Ph.D., or equivalent credentials 
appropriate for a tenured or tenure-track professor; as 
well as an outstanding publication and external fund- 
ing record in water research. The candidate’s area of 
research may address any aspect of water science, policy, 
law, engineering, design, ethics, etc. The tenure home 
of the Director will be determined in consultation with 
the successful candidate and the relevant department. 
As an administrator, the position is subject to yearly 
goal setting and review, and regular 5-year perform- 
ance reviews. 

To apply, submit a cover letter, curriculum vita, and 
the names and contact information of at least three 
references. Applications will be reviewed beginning 
July 6, 2015 and will be accepted until the position 
is filled. Apply to job 57767 at website: http:// 
apptrkr.com/201523736. 

CAMPUS SECURITY CRIME STATISTICS: For more 
about safety at Penn State, and to review the Annual Security 
Report which contains information about crime statistics and other 
safety and security matters, please go to website: http://www. 
police.psu.edu/clery/, which will also provide you with detail 
on how to request a hard copy of the Annual Security Report. 

Penn State is an Equal Opportunity/Affirmative Action Em- 
ployer, and is committed to providing employment opportunities to 
all qualified applicants without regard to race, color, religion, age, 
sex, sexual orientation, gender identity, national origin, disability, 
or protected veteran status. 


FACULTY POSITIONS —- MEDICAL SCHOOL 


The new Center for Research on Environmental 
Disease, College of Medicine, University of Kentucky 
is seeking candidates for several faculty positions at 
the ASSISTANT /ASSOCIATE/PROFESSOR (tenure- 
track and tenured) levels with 12-month appointment. 
Applicants are sought in the broad area of environ- 
mental disease and those with NIH support will receive 
favorable considerations. Applicants should submit their 
curriculum vitae to Dr. Xianglin Shi, Professor and 
Director, Center for Research on Environmental Dis- 
ease electronically to e-mail: xshi5@email.uky.edu. 
Review of applications will begin immediately and con- 
tinue until the positions are filled. 
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Tenure-Track Principal Investigator: Laboratory of Genome Integrity 


The Center for Cancer Research (CCR), National Cancer Institute (NCD), National Institutes of Health (NIH) is accepting applications for a position as 
Principal Investigator in the Laboratory of Genome Integrity (LGJ) at the Tenure-Track level. The LGI focuses on understanding the pathways that maintain 
genomic integrity, the intersection of these pathways with normal cellular physiology and cancer, as well as the application of these insights to translational 
research. LGI provides a highly interactive environment for scientists and promotes synergistic interactions with intramural and extramural laboratories to 
promote interdisciplinary research. 


We are seeking candidates whose research programs address basic biological problems and who have demonstrated excellence, originality, and productivity 
in research in the areas of biochemistry, cellular, and molecular biology. We are especially interested in applicants using innovative approaches to solve key 
questions in the areas of cancer biology, DNA repair, chromatin structure, and genome function and organization. LGI research programs are integrated into 
the NCI Center of Excellence in Chromosome Biology (https://ccrod.cancer.gov/confluence/display/CECB/Home), and the excellent research environment 
at the Bethesda campus of the NIH affords ample opportunities for intellectual interactions and collaborations with basic and clinical scientists. Research 
activities within LGI are supported by core facilities including Functional Genomics, Proteomics, Imaging, and Flow Cytometry cores. The successful 
candidate will perform independent research funded by the NCI Intramural Research Program. 


Candidate must have a Ph.D. or M.D. degree, or equivalent doctorate degree in the Sciences, with a proven ability to conduct innovative research. To apply, 
submit a cover letter, curriculum vitae including publication list, statement of research accomplishments and future plans, and three letters of recommendation 
to Khadidiatou Waye (khadidiatou.waye@nih.gov) or Dr. Andre Nussenzweig, Chief LGI, NIH, 37 Convent Drive, Building 37, Room 1106A, 
Bethesda, MD 20892. Electronic submissions are encouraged. This position is not restricted to U.S. citizens only. Review of applications will start on or 
about end of August/early September, 2015, and applications will be accepted until the position is filled. 
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DHHS and NIH are Equal Opportunity Employers. 


Department of Health and Human Services (DHHS) 
National Institutes of Health (NIH) 
National Cancer Institute (NCI) 
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Tenure-Track Investigator Position in the HIV Dynamics and Replication Program 


The HIV Dynamics and Replication Program (HIV DRP, formerly the HIV Drug Resistance Program), CCR, NCI, NIH, DHHS is seeking an outstanding 
tenure-track investigator to carry out original, independent, and innovative research in an area of virology including, but not limited to, HIV/retrovirus 
biology. This intramural position is similar to that of an Assistant Professor in a university setting. 


The successful candidate will have expertise in HIV/retrovirus biology or cancer virology. Areas of emphasis include molecular aspects of viral replication, 
virus-host cell interactions, and drug resistance. Applicants must have a Ph.D. or equivalent doctoral degree, relevant postdoctoral experience, and a record 
of high achievement. 


This position is located at the NCI campus in Frederick, Maryland, which offers state-of-the-art facilities, collaborative opportunities, and core facilities for 
advanced technologies. The investigator will have access to a wide array of intellectual and technological assets, including high-quality technology cores 
dedicated to protein chemistry, natural products chemistry, biophysics, mass spectrometry, imaging, microscopy, proteomics and genomics, bioinformatics/ 
biostatistics, and flow cytometry, in addition to support for patient-based studies through the NIH Clinical Center. For an overview of CCR, please visit 
http://ccr.cancer.gov/. 


Review of applications will begin on or about August 3, 2015, but applications will be accepted until the position is filled. Salary is competitive and will 
be commensurate with the candidate’s experience. A full benefits package is available, including retirement, health insurance, life insurance, long-term care 
insurance, annual and sick leave, and a Thrift Savings Plan (401K equivalent). This position is not restricted to U.S. citizens. 

To apply, please submit a cover letter, curriculum vitae, description of research plans (~5 pages), and 3 letters of recommendation to: Ms. Valerie Turnquist, 
Administrative Laboratory Manager, NCI at Frederick, P.O. Box B, Bldg. 535, Frederick, MD 21702-1201, Email: turnquiv@mail.nih.gov. PDF 
files are encouraged. 


This position is subject to a background investigation. The NIH is dedicated to building a diverse community in its training and employment programs. 


Pe NS, DHHS, NIH and NCI are Equal Opportunity Employers. 


Faculty Position in Epidemiology 
Wayne State University School of Medicine 


Wayne State University located in Detroit, Michigan is seeking to strengthen its Epidemiology Unit, which 
deals with the incidence, distribution, and possible control of diseases and other factors relating to health. 


The Epidemiology Unit collaborates with Departments within the School of Medicine, and also with the 
Perinatology Research Branch of the Division of Intramural Research, NICHD, NIH, DHHS, which is 
housed at the Wayne State University campus. 


As a key staff member in support of the PRB, this individual would help to accomplish the Branch’s 
mission by (1) developing statistical analysis, programming strategies and methodologies in support of 
research projects, (2) evaluating and analyzing data using accepted statistical and biostatistical techniques, 
(3) working closely with the scientific team and collaborators to provide operational parameters to ongoing 
research, (4) training the next generation of researchers, (5) translating the results of the research through 
publications and technology transfer. 


The individual chosen for this position will become part of a highly successful, fast-paced research group 
that focuses on clinical and basic research in perinatal medicine and related disciplines. The goal of this 
internationally recognized research is to develop novel diagnostic, therapeutic and preventative strategies 
to reduce adverse pregnancy outcome, infant mortality and handicap. The research agenda involves novel 
discovery technologies in functional genomics, proteomics, metabolomics and DNA analysis. 


To be considered for this position, it is recommended that candidates demonstrate the following: 

1. Thorough knowledge of biostatical methodologies, procedures and testing 

2. Expertise in issues pertaining to the conduction and analysis of longitudinal studies 

3. Competence in the area of mathematical modeling 

4. Knowledge of data coordination, collection and statistical analysis methods and research 
coordination principles 
Knowledge of medical and research protocols 
Knowledge of computer software design and multiple programming languages 
Demonstrated broad knowledge of the understanding of scientific principles, theories and 
technologies applicable to biological sciences, in general, and perinatology in particular 
A sound understanding of academic research and related issues together with extensive 
experience in complex, multi-disciplinary programs (administrative and scientific) 
Ability to foster intellectual productivity 

10. Strong oral and written communication skills 

11. Ability to work independently and collaboratively 

12. Basic knowledge of perinatology is desirable 


Academic and professional requirements: 
1. Ph.D. in Epidemiology, Biostatistics, Statistics or related field 
2. Minimum of five years of experience 


Interested individuals should send: 
a curriculum vitae, 
a separate statement summarizing their experience and professional contributions, 
and three references to: 
Jennifer Turpin 
Wayne State University School of Medicine 
jturpin@med.wayne.edu 
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"Chief Operating Officer 


AAAS is seeking an experienced and talented individual to serve as Chief Operating Officer (COO). 
Reporting to the Chief Executive Officer, the COO will partner with the CEO to provide overall 
strategic and operational oversight for a subset of grant-funded AAAS programs and will manage 
a group of Program Heads as their Chief Program Director. This newly created position will also 
provide leadership to AAAS operations; assist the CEO with the strategic planning process and will 
envision new programmatic initiatives in coordination with the CEO and the AAAS Program Heads. 
The COO will also oversee the AAAS innovation process to create a viable stream of new ideas, 
projects, and programs. 


The COO will share management responsibility (with the CEO) for the AAAS Program Heads, 
Director of Development, Chief Technology Officer, Chief Human Resources Officer, and Director of 
Innovation, and will be responsible for ensuring the effective development and operation of a defined 
set of AAAS programs. The COO will work closely with the Director of Development to cultivate 
existing relationships with public and private funders, and work closely with the Chief Membership 
Officer to ensure that programmatic activities are aligned with and leveraged by the Membership 
enterprise. The COO will also work closely with the CFO/CLO as an executive colleague to ensure 
optimal internal operations, allowing the CEO to spend sufficient time on externally focused programs 
and activities. 


This is an extraordinary opportunity for an individual with extensive program management experience 
to grow and further develop a proven set of programs that have already made significant impact, while 
also acting as the Chief of Operations for AAAS’s core administrative functions. Position requires a 
minimum Master’s degree (Ph.D. preferred) in a relevant field with at least 10 years of experience and 
a track record in senior program management in a scientific or technical organization with experience 
overseeing large administrative support units. 


To see the full job description, please visit http://www.aaas.org/page/employment-aaas, where 
interested and qualified candidates may apply online. Please apply no later than July 3, 2015. 


AAAS is an EO Employer. All qualified applicants will receive consideration for employment 
without regard to race, color, religion, sexual orientation, gender identity, national origin, 
age, disability, veteran status, or other protected category. AAAS uses E-Verify to confirm the 
employment eligibility of all newly hired employees. 
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Assistant Professor position in 
Urology and Systems Biology 


In the era of precision medicine, the Department of 
Urology and the Department of Systems Biology 
seek to jointly recruit an Assistant Professor, 
to further our understanding of the regulatory 
mechanisms and pathways involved in bladder 
and prostate cancer initiation, progression, and in 
modulating sensitivity to targeted agents. 


The ideal candidate would have deep expertise 
in computational systems biology, will have 
published seminal manuscripts in high impact 
journal to elucidate mechanisms related to 
prostate or bladder cancer related phenotypes 
using systems biology methodologies. The 
candidate need also to have significant training in 
experimental biology and should be able to either 
perform relevant biochemical assays in his/her 
lab or to guide the design of these experiments in 
collaboration with other labs. 


Applications should include a CV, reprints of 
no more than three publications, a 3-4 page 
description of current research and research goals, 
and three or more letters of reference. Applications 
should be addressed to Ms. Desi Tahiraj, 
Columbia University Department of Systems 
Biology, 1130 St. Nicholas Ave 8" Floor Room 
801, New York, NY 10032. Applications can also 
be sent via e-mail at desi@c2b2.columbia.edu. 


Columbia University is an Equal Opportunity/ 
Affirmative Action Employer 

and encourages applications from women and 
underrepresented minorities. 


PHARMACY 


UNIVERSITY OF MICHIGAN 


Research Assistant Professor/Research Associate 
Professor/Research Professor and Deputy Director of 
Pharmacokinetics (PK) Core 


The College of Pharmacy in association with the Comprehensive Cancer 
Center at the University of Michigan (U-M) is recruiting a research assistant 
professor/research associate professor/research professor to serve as the 
deputy director in the Pharmacokinetics Core (PK Core). This well-funded 
core is part of a broader drug discovery effort at the U-M campus, and the 
Deputy Director will play a key role in supporting ongoing collaborations, 
expanding outreach, and further developing the core. 


= 


The PK Core (www.pkcore.org) has four objectives: (A) To support 
preclinical pharmacokinetics (PK) and metabolism for lead compound 
selection and dose regimen optimization; (B) To support clinical 
pharmacokinetics (PK) and optimize dose regimen in clinical studies; 
(C) To increase grants, publications, and patent applications; (D) To train 
students and postdoctoral fellows in DMPK studies in drug discovery and 
clinical trials. 


The Deputy Director will work with the PK Core Director to oversee daily 
operations, including managing personnel and budget; communicating with 
collaborators; and writing reports, manuscripts, and patents. In addition, the 
successful candidate will serve as PI, Co-PI, and Co-I on independent grant Malaria 
applications; mentor graduate students and postdoctoral fellows involved in 
DMPK studies, and teach related courses. 


Special Job Focus: 


Immunology 
July 10, 2015 


Reserve space by June 23* 


THERE’S A SCIENCE TO REACHING SCIENTISTS. 


For recruitment in science, there’s only one | Science 


Why choose this immunology section for 
your advertisement? 


= Relevant ads lead off the career section with special 
Immunology banner 


= Bonus distribution to: 


8th International AIDS Society (IAS) 
Conference, 19-22 July 
Vancouver, British Columbia, Canada 


25-26 July, Girona, Spain. 


* Ads accepted until July 6 ona 


The Deputy Director will hold a PhD degree in pharmaceutical sciences 
or related field with experience and skills in preclinical and clinical drug 


first-come, first-served basis. 


SCIENCECAREERS.ORG 


metabolism and pharmacokinetics (DMPK) to support drug discovery and 
clinical trials. Experiences in pharmacokinetic modeling, LC-MS, drug 
metabolism, drug discovery, pharmacokinetics in animal models, and 
pharmacokinetics in clinical trials are preferred. 


To book your ad: advertise@sciencecareers.org 
The Americas Japan 


° 

Science 

c 202-326-6582 +81-3-3219-5777 
areers Europe/RoW China/Korea/Singapore/Taiwan 


Applicants should submit a letter and CV, including the names of at least 5 —— +44(0)1223-326500 | +86-186-0082-9345 


potential references, to Patrina Hardy (thardy@med.umich.edu). 
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The Department of Cellular and Molecular Biology at UT Health Northeast invites 
applications from outstanding scientists for state funded faculty positions at all 
levels to conduct independent research. The research of the applicant should be 
in various research areas of biochemistry or cell biology with an emphasis of 
cell motility and cytoskeletal regulation. Investigators working on cell motility 
using electron microscopy are encouraged to apply. 


The mission of the research program at UT Health Northeast is to create an 
outstanding research community that links basic science and clinical science. 
UT Health Northeast has established research programs in lung injury/repair, 
pulmonary infectious diseases and cell motility and the successful candidate is 
encouraged to interact with researchers in these areas. A strong track record and 
current extramural funding is required. Teaching in the biotechnology graduate 
program is encouraged and voluntary. 


Our institution is growing rapidly and substantive resources have been allocated 
to build its basic and translational research portfolio. The Department has recently 
set up a state-of-the-art cellular and molecular imaging facility including a custom 
made single molecule total internal reflection fluorescence (TIRF) microscope, 
ultrafast super-resolution microscope which can visualize dynamic movement of 
the molecules in living cells, and a confocal microscope with a white light laser 
system which is capable of various advanced fluorescence imaging techniques 
including FRAP, FRET and FLIP. The successful candidate will be provided with 
a competitive start-up package and new laboratory facilities. 


Applicants should submit their CV, a statement of future research plans and 
the names of three references to: Dr. Mitsuo Ikebe, Chair of Department of 
Cellular and Molecular Biology, The University of Texas Health Science 
Center at Tyler, 11937 US Highway 271, Tyler TX 75708-3154 


Review of applications will continue until the position is filled. 


UT Health is an Equal Opportunity and Affirmative Action Employer and seeks 
to build a diverse employee community. It is the policy of The University to 
promote and ensure equal employment opportunity for all individuals without 
regard to race, color, religion, sex, national origin, age, sexual orientation, 
disability, or veteran status. Women and minorities are encouraged to apply. 


STANFORD 


SCHOOL OF MEDICINE 


Stanford University Medical Center 


Assistant Professor 
Department of Developmental Biology 


Stanford University is seeking applicants for a tenure-track Assistant 
Professor position in the Department of Developmental Biology in the 
Beckman Center for Molecular and Genetic Medicine in the School of 
Medicine. This is a broad search, and the department is interested in 
applicants working in diverse fields. We view Developmental Biology in 
the broadest sense, encompassing Microbes to Humans and employing a 
wide-variety of molecular and genetic approaches as well as systems level 
biology, engineering, and computational science. For more information 
on our department and job search, see http://devbio.stanford.edu/ 
about/faculty_position. 


The predominant criterion for appointment in the University Tenure 
Line is a major commitment to research and teaching. Applicants are 
expected to establish a vigorous and innovative research program 
studying fundamental biological processes in any experimental system. 
Responsibilities include teaching graduate students and research-oriented 
medical students. Interested applicants should send a curriculum 
vitae, and a brief statement of research objectives in a single pdf file 
to: DevBioFacultySearch_2015@stanford.edu. In addition please 
arrange to have three letters of recommendation sent to this email as 
well. Consideration of application files will begin September 15, 2015. 


Stanford University is an Equal Opportunity Employer and is 
committed to increasing the diversity of its faculty. It welcomes 
nominations of and applications from women, members of minority 
groups, protected veterans and individuals with disabilities, as well as 
from others who would bring additional dimensions to the university s 
research, teaching and clinical missions. 


Research Professorships 


The Royal Society’s most prestigious funding 
scheme is now open for applications. The Royal 
Society Research Professorships provide long term 
support to world-class scientists, releasing them 
from teaching and administration to enable them 
to focus on research. 


The scheme provides a substantial contribution to 
salary, which can be supplemented at the discretion of 
the host organisation; a one-off start-up grant of up to 
£35,000; and research expenses of up to £16,000 per 
academic year. Funding is available for five years, with 
the opportunity for renewal for a further five years. 


These posts enable individuals of proven ability and 
achievement to undertake independent, original 
research at a UK institution. Former Research 
Professors include Presidents of the Royal Society 
and Nobel Laureates. 


Several Royal Society Research Professorships 
are available. The number of awards made will be 
determined by the quality of applications received. 


The Professorships may be awarded in any field 
across the natural sciences but the following are 
restricted to specific areas: 


+ The Royal Society Darwin Trust Research 
Professorship for research in the field of 
biomolecular sciences. 


+ The Royal Society GSK Research Professorship 
in Molecular aspects of Medicine 


« The Royal Society Napier Research Professorship 
o ascertain the cause of cancer, including any 
corresponding allied disease and the means of 
prevention, cure and alleviation 


Scientists of any nationality can apply and 
applications are particularly welcomed from scientists 
currently resident outside the UK. 


Closing date: 3 November 2015 


Host universities are encouraged to use the long 
lead time to identify and attract the best candidates. 


Fast-track applications will be considered during this 
period for truly exceptional overseas candidates. 


To find out more visit 
royalsociety.org/grants/schemes 
or email seniorfellowships@royalsociety.org 


THE 


ROYAL 
SOCIETY 
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WORKING LIFE 


By Lui Lam 


1170 


From physics to revolution and back 


s a boy, I was not interested in science; I was interested in girls. Upon graduating from high school 
in Hong Kong, I did not particularly want to work in science; I just wanted a job, because I rarely 
left the dinner table with my stomach full. For graduate school, I went to Columbia University with 
a scholarship. There, I was surrounded by Nobel laureates—Isidor Isaac Rabi, Polykarp Kusch, 
Tsung-Dao Lee—and laureates-in-waiting: James Rainwater, Jack Steinberger, Leon Lederman. 
The most important moment in my physics education was when I noticed Lee standing next 
to me in the men’s room, peeing. Nobel laureates are ordinary people, I learned, just like you and me. 


At Columbia, I was influenced by the 
student antiwar movement and the 
Cultural Revolution that was raging 
in China. I and several others (in- 
cluding Peter Kwong, now at Hunter 
College, and Jean Quan, who would 
become the mayor of Oakland, Cali- 
fornia) started the Chinatown Food 
Co-op; our aim was to “serve the 
people.” I wasn’t interested in solv- 
ing small problems; I wanted to save 
the world, to return to China and 
join the revolution. 

I finally made it in 1978, at the 
beginning of the country’s “reform 
and opening up” movement. I was 
assigned to do physics at the Chi- 
nese Academy of Sciences’ Institute 
of Physics. In China, the spring of 
1978 is called “Science Spring” be- 
cause for 10 years science had come 
to a virtual halt. Basic science was 
banned. My colleagues and I re- 
sumed the work with great enthusiasm; if China was in ru- 
ins, we figured, the best option was to fix it. I helped open 
the door to the West, discovering bowlics—a type of liquid 
crystal—and publishing the first paper by mainland-only 
authors ever to appear in Physical Review Letters. 

We did not have journals—only copies of journals—and 
there was just one Chinese-made copying machine in the in- 
stitute, which broke down every half hour or so. Everything 
was scarce, including tofu and writing paper, but we were 
not troubled by the minimal calories available to fuel us. We 
worked diligently, day and night, except on Sundays. Sun- 
days were for washing clothes, by hand. 

China started sending scientists to the West—many to 
the United States—as visiting scholars and to international 
conferences. Among China’s billion people were dozens of 
notable physicists, but the number of excellent ones was 
smaller; I was the only government-approved doctoral 
mentor in liquid crystal physics. Physics research can’t be 


“I wanted to save the world, 
to return to China and join 
the revolution.” 


learned properly by reading books 
or papers; it should be learned by 
working alongside masters. China 
did have a few masters—those who 
had been trained in the West before 
1949—but they were all busy estab- 
lishing institutes or working on the 
atomic bomb. 

Today, China is making progress 
scientifically, but there is still some 
distance to go. The Cultural Revolu- 
tion sacrificed a whole generation of 
scientists. Among all the problems 
this created, it led to a scarcity of 
experts who could act as academic 
judges. Qualitative assessment was 
replaced by counting papers—a 
poor substitute. The damage lingers. 

Lately, and happily, China’s pri- 
orities have shifted toward innova- 
tion. Innovation is not easy, though, 
in a culture that for 2000 years has 
prided itself on taking the middle 
course in everything, for the sake of harmony and stability. 
It’s the opposite of the Socratic method that’s at the heart 
of Western science. Great scientists like Galileo show that 
breakthroughs can be made even in environments that em- 
phasize orthodoxy—but then no one was counting Galileo’s 
papers. China has very good scientists, but the country needs 
to find its way of doing innovative science. 

After 6 years, I left China and returned to the United 
States—not for scientific or political reasons, or due to mate- 
rial want, but for family. During a visit to the United States 
with our daughter, my wife announced that she intended to 
stay. Forced to choose between the motherland and a daugh- 
ter, I chose my daughter. I left China on good terms. 


Lui Lam, professor at San Jose State University in Califor- 
nia, now works on humanities and complex systems. For 
more on life and careers, visit sciencecareers.org. Send your 
story to SciCareerEditor@aaas.org. 
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Take Control 
with dynamic cell culture. 


Biology is so much more than DMEM/FBS, 37 °C, 5% CO... 
It's easy to program automated changes to culture media, gas 
and temperature, while tracking cell responses, with the flexible, 
intuitive Cell[ASIC® ONIX Microfluidic Platform. By taking 
control of this truly in vivo-like environment, you'll be able to 
perform dynamic, time-lapse experiments never before possible. 


of [=] Watch live cells respond in real time: 
www.emdmillipore.com/CellASIC 
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NEW ENGLAND 


BioLabs... 


Celebrating> - 
40 Years of 


Passion in Se 


The 2015-16:-NEB Gata 
& Technical Reference 


New England Biolabs introduces the latest edition of its award- 2h 
winning Catalog & Technical Reference, featuring over 50 new, io 
products, up-to-date selection charts, protocols andytto - 

tips. This collectible features your favoritetefialog cove 
past 40 years, as well as the inspiring stories of Our 2014 Passion in 
Science Awards” Winners. 


Featured Products: 


* > 200 restriction enzymes now 100% active in CutSmart® Buffer 


* One Taq® and Q5" DNA Polymerases — robust amplification of a 
wide range of templates (routine, AT- and GC-rich) 


* NEBuilder® HiFi DNA Assembly — virtually error-free assembly of 
multiple DNA fragments 


¢ NEBNext" reagents for NGS library preparation — now includes 
kits for FFPE DNA, rRNA Depletion and Microbiome DNA 
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MICROSCOPY 


Influuent can help you find 

world-class equipment at UT 

System institutions, including: 

e¢ Microscopy and Imaging 
Facility at UT Austin’s 
Institute for Cellular and 
Molecular Biology 

¢ RCMI Nanotechnology and 
Human Health Core Facility 
at UT San Antonio 

¢ Flow Cytometry and 
Cellular Imaging Facility at 
UT MD Anderson 

e Live Cell Imaging Core at 

UT Southwestern Medical 

Center 


Easy as 1-2-3 at 


Find a Resource or Faculty Expert 

Influuent's FREE online tool gives you the power to search 
across all UT System campuses for faculty experts on any topic * 
from architecture to zoology. It’s ideal for industry, faculty, 
researchers. 


Take the Next Step and Connect 

You've found the one—or ten, or twenty—experts who can 
help you. Now you need to connect. We've made that easy. 
3 Use one simple form to contact all of your potential partners. 


Build a Productive Partnership 
Find the resources and contacts on the Influuent website to 
help you move from idea to reality. 
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"LANE OF RESEARCH: 


Pathway to Stop Diabetes® is now in its third year of accelerating science 
and empowering talent. We're offering five-to seven-year grants of $1.625 
million to a new generation of brilliant minds at the peak of their creativity 
— regardless of their current field of study. And we're providing the 
freedom, autonomy, professional mentoring and collaboration to help 
those minds reach their full potential. Learn more about Pathway today. 
And set your research career on the road to success. 
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Orlando, Florida 
scientificsessions.org 
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Late-Breaking Basic Science 
submissions close 


Deadline for early-bird 
registration 


* Membership has its advantages. 
Become an AHA/ASA member by 
Wednesday, Aug. 26, to receive 
early registration rates. 


scientificsessions.org 


For information on how to exhibit and sponsor at 
AHA’s Scientific Sessions 2015 visit www.exhibitatsessions.org. 
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Application Deadline 


Call for Entries June 15, 2015 


Eppendorf & Science Prize for Neurobiology You could be next to win this prize and to receive 

The annual Eppendorf & Science Prize for Neurobiology > Prize money of US$25,000 

is an international award which honors young scientists > Publication of your work in Science 

for their outstanding contributions to neurobiological > Full support to attend the Prize Ceremony held in 
research based on methods of molecular and cell biology. conjunction with the Annual Meeting of the Society for 
The winner and finalists are selected by a committee Neuroscience in the USA 

of independent scientists, chaired by Science’s Senior > An invitation to visit Eppendorf in Hamburg, Germany 
Editor, Dr. Peter Stern. To be eligible, you must be 35 

years of age or younger. It’s easy to apply! 


Learn more at: www.eppendorf.com/prize 
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career perspectives 


Dr. Liron Bar-Peled 


Science & SciLifeLab Prize for Young 
Scientists, Grand Prize Winner, 
Research Associate, 

Lallage Feazel Wall Fellow of the 
Damon Runyon Cancer Research 
Foundation, 

Scripps Research Institute, 

La Jolla, California 


The Science & SciLifeLab Prize 
is awarded annually to young 
scientists for outstanding life science 
research for which he/she 
was awarded a doctoral degree 


in the previous two years. 


To apply for the 2015 Science & SciLifeLab Prize, please visit: 
www.sciencemag.org/SciLifeLabPrize 


Q: Will you please summarize your winning essay? 

A: So, a fundamental question in cell biology is how cell size is 
regulated by the environment. And my essay describes exactly 
this, and how we began to map out a pathway that senses 
environmental nutrients, such as amino acids, and translates 
that into cell growth. And so interestingly, what we found was 
avery complicated signal transduction pathway that is, not 
surprisingly, deregulated in human diseases. And our hope 

is that by studying this pathway, not only can we discover the 
complex underpinnings of human diseases, but we can have 

a real impact on human health by using this pathway as a 
diagnostic tool to identify those diseases that can be readily 
treated with available therapeutics. 


Q: How did you become interested in this particular 
field of research? 

A: In college, | took this wonderful paper reading course, and 
one of the papers we covered dealt with how the signaling 
pathway mTORC1 senses oxygen levels. | became fascinated 


with how such a fundamental biological process’ growth reg- 
ulation could be controlled by different environmental stimuli. 
The more | read about this, it became clear to me that we didn’t 
understand that much. The idea of mapping a completely un- 
known pathway really intrigued me, and | knew | wanted to delve 
into the unknown, and by working on this pathway | got to do 
just that. And because this pathway is heavily mutated in human 
diseases, | felt that | could also have an impact on human health 
by researching this area. 


Q: Can you tell us about your experience in Stockholm 
and the prize ceremony? 

A: | had such wonderful time, and it has really been so delightful 
to not only meet the different scientists in Stockholm, but also 
the other awardees and hear about their cutting-edge research. 
Being in the Hall of Mirrors—where the first Nobel Prize was 
awarded-was really awe-inspiring. It’s a beautiful venue, and it 
really makes me feel incredibly honored to be able to partici- 
pate in this process and the award. 


Q: How do you see yourself and your research in the 
next 5 to 10 years? 

A: In the next couple of years, | plan to start my own lab where 
I'll be focusing on how cells respond to oxidative stress using 
chemical methodologies and combining them with traditional 
cell biological approaches. Oxidative stress underlies a wide va- 
riety of human diseases, such as cancer and neurodegenerative 
disorders, and | hope that with our current approaches, not only 
will we be able to have a better biological understanding of the 
processes that are deregulated by oxidative stress, but we may 
also be able to develop therapeutic targets. In the next 5 to 10 
years, I'd really like to do what I’m currently doing, which is using 
novel technologies to get a better mechanistic understanding of 
fundamental processes in biology. 


Q: Do you have any advice for your peers who are 
interested in submitting an entry for next year’s 
Science & SciLifeLab Prize? 

A: Being able to communicate your research, in my mind, is 
almost as important as being able to plan experiments. Unfor- 
tunately, | think that scientific writing can often be filled with 
esoteric jargon, but if you can communicate your ideas ina 
clear and simple manner, not only will that help you deliver the 
message to your audience, but it will also help you to distill your 
ideas which will help your research as well. | also recommend 
that you really have fun with the process. It’s rare as scientists 
that we can really just let our hair down and write a little more 
creatively than our typical manuscript. 


NOTE: 


Answers have been adapted from the original video format and edited 


for print. 
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